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 ~Abstract~ 
The chill-on-demand system is a technology designed to provide cooled products on demand, 
thereby avoiding any requirement for chilled storage. It uses the cooling effect provided by 
the endothermic desorption of carbon dioxide previously adsorbed onto a bed of activated 
carbon contained in an inner component of the self-chilling product. This has the potential 
to be applied to any type of product that needs to be cold at the point of consumption. The 
principles of life cycle engineering have been utilized to evaluate the overall environmental 
performance of one possible application of this technology: a self-chilling beverage can, with 
a steel outer can to contain the beverage and an inner aluminium can to contain the 
adsorbent. 
The primary aim of this research is to devise a way to ensure that the self-chilling can supplies 
the best cooling performance with minimal global environmental impact. 
First, the adsorption/desorption process as a means of cooling was investigated, together with 
its application to the specific case of carbon dioxide adsorbed on a bed of activated carbon 
obtained from coconut shells. A specific experimental activity was designed and supported 
by the implementation of a transient heat exchange model. 
Next, the potential environmental impacts of the product were evaluated by using a Life Cycle 
Assessment tool. The analysis considered all the life cycle stages of a self-chilling can: from 
the manufacture of each part of the beverage container, to its utilization and end-of-life 
management. 
The results, compared with those of a conventional beverage can, highlight the importance 
of using activated carbon derived from biomass and locating its production in countries with 
a low carbon-intensity electricity supply. More substantial environmental and technical 
improvements would depend on finding adsorbents with much larger capacity, and 
developing a system with very high rates of recovery and re-use. 
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Introduction 
Every year in Europe, refrigerant gases with the greenhouse warming effect of more than 
30Mt of CO2(e) are emitted from retail refrigerators (Cowan et al., 2010). The leakages of 
HFCs (hydrofluorocarbons) and HCFCs (hydrochlorofluorocarbons) have adverse impacts on 
climate change not only because these compounds are powerful greenhouse gases, but also 
because leaking systems are less energy efficient (Bovea et al., 2007; Cowan et al., 2010). 
Therefore, both the energy consumption worldwide and the high emissions of greenhouse 
gases have directed interest to alternative solutions to conventional refrigeration systems 
(Halder and Sarkar, 2007; Neveu and Castaing, 1993; Wang and Oliveira, 2006). 
To this end, a new technology to provide cooled products on demand has been investigated. 
This “chill-on-demand system” avoids the requirement for chilled storage as it uses the 
cooling effect provided by the desorption of carbon dioxide previously adsorbed onto a bed 
of activated carbon contained in an inner component of the self-chilling product. This 
technology has the potential to be applied to any type of product that needs to be cold at the 
point of consumption, reducing significantly the use of refrigerator storage. 
The self-chilling system investigated utilizes pressure swing adsorption (PSA) to provide 
cooled products on demand. PSA using activated carbon and carbon dioxide has emerged as 
one of the possible alternatives with zero ozone depletion potential (Chan, 1981; Goetz and 
Guillot, 2001; Halder and Sarkar, 2007; Wang and Oliveira, 2006). The technology has been 
particularly used for gas separation processes where a gas is adsorbed on a packed column 
of microporous-mesoporous adsorbent at high pressure. Depressurising the column leads to 
the desorption of adsorbed components from the solid (Alpay, 1992; Halder and Sarkar, 
2007; Sircar, 2002). Desorption is an endothermic process, thereby able to provide a cooling 
effect. The adsorbent is reusable. 
This research project is focused on a possible application of this technology: a self-chilling 
beverage can, originally developed by The Joseph Company International, a beverage 
company based in Los Angeles, USA (www.chillcan.com). 
The system works as schematically described in the following: 
A. The container as a whole is formed of an outer steel can (1 in Figure 1) containing 
the beverage and an inner aluminium can (2 in Figure 1), called the Heat Exchange 
Unit (HEU), which contains activated carbon (AC) and an amount of carbon dioxide 
adsorbed onto it (4 in Figure 1); 
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B. The beverage (5 in Figure 1) has no contact with the 
activated carbon; 
C. A plastic button located at the bottom of the 
container (3 in Figure 1.1) releases the pressure 
inside the HEU and emits the carbon dioxide to the 
atmosphere; the desorption of carbon dioxide from 
the activated carbon is endothermic and therefore 
able to provide a cooling action that should ideally 
lower the temperature of the beverage by about 
15 K. 
The design of these innovative auto-refrigerant cans aims 
to optimize the cooling effect on the beverage, by 
maximizing the heat exchange between the granules of AC 
and the HEU wall, and to improve the efficiency of material 
recovery after use, by making the separation of the HEU 
from the rest of the conventional steel can easier. 
Figure 1 Chill-on-demand can (schematic): 1. Outer steel 
can. 2. Inner aluminium can. 3. Button. 4. Activated carbon 
with carbon dioxide. 5. Beverage. 
The Joseph Company was the initial sponsor of this Engineering Doctorate, with Mark Sillince, 
Technical Director at SI Protech UK Ltd., located at Littlehampton (UK), nominated as 
Industrial Supervisor; SI Protech had been involved in the development of the chill-can. SI 
Protech provided some of the equipment for the experiments and the activated carbon from 
coconut shells produced in Indonesia by Chemviron Carbon.  
About six months from the start of the EngD, The Joseph Company withdrew from their 
commitment as sponsor for the project. As consequence, the collaboration with SI Protech 
was interrupted a few months later. Furthermore, access to any confidential material, 
especially regarding the properties of the activated carbon, was barred by the material 
supplier following non-payment of bills by The Joseph Company. Therefore the research was 
carried out based only on the initial information and material provided and with very limited 
access to information from SI Protech and Chemviron Carbon. 
The scope of the project was to evaluate whether the product could be suitable for promotion 
as a consumer product and how it should be marketed, by investigating the technology and, 
if possible, devising a way to achieve the best cooling performance with minimal 
environmental impact. Therefore, the principles of Life Cycle Engineering have been applied 
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to the system under analysis. In particular, the study has aimed to evaluate the environmental 
performance over the whole life cycle of the self-chilling can, investigating the sustainability 
of its manufacturing, use and end-of-life stages. 
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Aim of the Study  
The primary focus of this research is to devise a way to ensure that the Self-chilling can 
supplies the best cooling performance with minimal environmental impact. Therefore, a 
multidisciplinary approach has been adopted to investigate two different areas: the process 
and technology development, i.e. the adsorption (and desorption) technology as a means 
 of cooling, together with its application to the specific case of carbon dioxide adsorbed on a 
bed of activated carbon; and the sustainability of this technology, i.e. the evaluation of 
possible environmental impacts of the product during its life cycle, by using the Life Cycle 
Assessment tool (Clift et al., 2000; ISO-14040, 2006). 
 
Methods 
 Process and Technology Development 
Two studies on a simulated self-chilling can have been carried out to determine the thermal 
dynamics of the system. 
The first set of experiments enabled estimation of the thermal conductivity of the compacted 
AC bonded with graphite. It involved transferring the HEU from ambient temperature to a 
water bath at 40˚C, without any introduction of gas. The results have been compared with 
those of a model of transient heat transfer within the bed, solved using Matlab software, to 
estimate the effective thermal conductivity of the bed. 
The second set of experiments involved measurement of the transient temperature profile at 
different radial positions within the bed under adiabatic conditions, in order to understand 
the heat transfer during adsorption (pressurization) and desorption (depressurization) of 
carbon dioxide at different pressures. 
 Sustainability of Technology 
The different life cycle stages of the whole product delivery system have been analysed: from 
the manufacture of all parts of the beverage container (activated carbon, aluminium, steel) 
and the utilization of industrial waste gas (CO2) through to delivery and use, recovery of the 
used cans, and management of the waste by reuse, recycling and landfilling. 
The study utilizes an LCA to evaluate the potential environmental impacts of the overall self-
chilling beverage can system, to quantify the contributions from all its stages and to identify 
the processes that raise disproportionate environmental impacts. The functional unit is the 
delivery of one unit of 300 mL of chilled beverage. The system boundaries include the 
production, use, and end-of-life phases of the self-chilling can, assuming that the AC is 
produced in Indonesia and the cans are manufactured and filled in California (USA). 
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The analysis devoted particular attention to production of the activated carbon from coconut 
shells. 
The contributions of aluminium and steel components were investigated by taking into 
account the environmental burdens related to the production processes of virgin and 
recycled materials. A sensitivity analysis explored alternative scenarios for activated carbon 
production and reuse or recycling of the post-use can components. The results have also been 
compared with those for a conventional beverage can refrigerated in a single door 
refrigerator or a large open-front cooler in four different countries. 
 
Results and Discussion 
 Experimental Investigation into the Thermal Dynamics of the Heat 
Exchange Unit 
The key aspects are the significant difference of temperature between different radial 
positions in the bed and on the external surface, in particular during the desorption process 
(Figure 2). 
 
 
Figure 2 CO2 Desorption at 2, 4, 6 and 8 bar and under adiabatic conditions on Activated Carbon. 
 
This could be related to the low thermal conductivity of the activated carbon and suggests its 
use with a higher content of graphite and also a different system design able to improve the 
thermal conductivity of the bed. 
The reported results could affect the environmental performance of the system under analysis, 
as shown by the LCA described and discussed below. 
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 Life Cycle Assessment 
The positive and negative contributions from all the stages of the overall self-chilling 
beverage can system have been identified and quantified in terms of selected impact 
categories and are reported in Figure 3 related to the productions of fresh AC and virgin 
metals compared with that of the overall self-chilling system. 
 
 
Figure 2 Comparison of LCIA results of the overall self-chilling beverage can system and those of 
the productions of fresh AC and virgin metals (normalization are: world, year 2013 CML-2001 
person equivalent units, where one person equivalent represents the average impact in the specific 
category caused by a person during one year in the world). 
 
Global Warming Potential (GWP) turns out to be one of the most significant global impacts, 
while Human Toxicity Potential (HTP) and Acidification Potential (AP) are the most 
significant localized impacts. The figure highlights the dominant contribution of activated 
carbon production to the overall environmental performance, and the limited roles played 
by steel, and particularly aluminium components. This suggests that the reusability of the 
material and what happens to the organic material if it is not used as activated carbon are 
the dominant influences not only on the characteristics and performance of the specific 
activated carbons (Chemviron, 2015a) but also on the environmental impacts of their supply 
chain. 
A sensitivity analysis has been carried out investigating alternative scenarios specifically 
focused on the activated carbon production and recovery of the HEU. 
The results suggest that the sustainability of activated carbon production, and consequently 
that of the whole self-chilling system, could be improved by using electrical energy produced 
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from renewable sources, such as biomass (Scenario 2 in Figure 4). The results also highlight 
the importance of good environmental management of the production site with efficient air 
pollution control and the potential environmental benefits of moving activated carbon 
production to countries where electrical energy is produced from low-carbon sources 
(Scenario 1 in Figure 4). 
 
 
Figure 4 Results of the sensitivity analysis of the self-chilling beverage can system, scenario 1, 
scenario 2 and scenario 3. 
 
This improvement in the whole self-chilling system as well as the high rates of recovery and 
re-use of the used cans (Scenario 3 in Figure 4) become particularly significant in the 
comparison with conventional aluminium and tinplate steel cans refrigerated in an open 
front cooler and a single door cooler. Figure 5 shows the environmental impacts of a self-
chilling can compared with conventional aluminium can refrigerated in Europe where the 
electrical energy is produced by means of clean generation processes. 
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Figure 5 Comparison of the self-chilling beverage can system with a conventional beverage 
aluminium can in Europe. 
 
Different conclusions emerge if the conventional cans displaced are from inefficient chillers 
in a high carbon intensity energy system, such as Indonesia (Figure 6). 
 
 
 
Figure 6 Comparison of the self-chilling beverage can system with a conventional beverage cans 
made of aluminium and steel in Indonesia. 
 
 Possible Design Solutions 
Both the limitations on the technical side, i.e. the limited thermal conductivity of the system, 
and the LCA results, which indicate that the main contributions to the overall environmental 
impact of the chill-on-demand system arise from manufacturing of the activated carbon 
granules, have prompted the investigation of some possible alternative design solutions. 
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Specifically, the behaviour of the system has been investigated by changing the compaction 
of the bed, i.e. reducing its degree of compaction by 20 % and 50 %, and its composition, i.e. 
by mixing strips of metals (copper and aluminium) with the activated carbon granules. 
The results confirm that the heat transfer strongly depends on the amount of activated carbon 
in the system, and therefore indicate that the current degree of bed compaction in the HEU 
cannot be reduced; but, on the other side, that the mixing of strips of metals with the activated 
carbon granules strongly increases the thermal conductivity of the bed and the velocity of 
the desorption process. These positive outcomes have been further supported by those of a 
specific LCA of this alternative design solution, which indicate that it would be a potential 
solution for a sustainable manufacturing of the product. 
 
Conclusions 
The principles of life cycle engineering have been applied to a particular application of a new 
technology which provides cooled products on demand: a self-chilling beverage can. A 
multidisciplinary approach has been adopted to define a way to develop the best cooling 
performance and the minimal environmental impact of the system. 
Experimental investigations on the thermal behaviour of the self-chilling beverage can have 
been undertaken on a simulated heat exchange unit filled with an adsorbent comprising 
activated carbon mixed with graphite. The results of the first set of experiments led to 
evaluation of the thermal conductivity of the adsorbent bed. Adsorption and desorption 
experiments were also carried out at different pressures; the results show a significant 
difference of temperature between different radial positions in the bed and on the external 
surface, in particular during the desorption process. This is probably due to the low thermal 
conductivity of the activated carbon (0.5 W m-1 K-1) and the design, which does not favour 
good heat transfer. 
The environmental impact of the whole self-chilling system has been evaluated using Life 
Cycle Assessment. The results identified Global Warming Potential, Human Toxicity Potential 
and Acidification Potential as the environmental impact categories that play a key role in the 
overall environmental performance of the product. The analysis of alternative scenarios 
highlights two key aspects: the importance of using activated carbon derived from biomass, 
produced by a process with efficient use of low-carbon electric energy, energy recovery from 
waste streams and appropriate air pollution control; and the crucial roles of recovery, re-use 
and recycling of the cans after use. The importance of good environmental management of 
the production site as well as high rates of recovery and re-use of the used cans become 
particularly significant in the comparison with conventionally refrigerated aluminium and 
tinplate steel cans refrigerated in an open front cooler and in a single door cooler. 
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In conclusion, alternative designs, i.e. by including strips of metals between the AC granules 
in the HEU, are suggested to improve both the environmental and the technical 
characteristics of the system. The sustainability of the system, in particular of the activated 
carbon production, has to be improved by reducing the electrical energy consumptions and 
also by using electrical energy produced from renewable sources, such as biomass. 
Other possible applications of the chill-on-demand technology remain to be explored. This 
technology, in fact, can be adopted to any products that need to be cold only at the point of 
consumption and for producing instant and on demand cooling for single use. The design 
would need to be carefully adapted for each different application but, with the specific 
improvements, it would represent an interesting and convenient market product. 
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1 
1 LIFE CYCLE ENGINEERING OF A SYSTEM TO DELIVER SELF-
CHILLED BEVERAGES 
Every year in Europe, refrigerant gases with the greenhouse warming effect of more than 
30Mt of CO2(e) are emitted from retail refrigerators (Cowan et al., 2010). The leakages of 
HFCs (hydrofluorocarbons) and HCFCs (hydrochlorofluorocarbons) have adverse impacts on 
climate change not only because these compounds are powerful greenhouse gases1, but also 
because leaking systems are less energy efficient (Bovea et al., 2007; Cowan et al., 2010). 
Therefore, both the energy consumption worldwide and the high emissions of greenhouse 
gases have directed interest to alternative solutions to conventional refrigeration systems 
(Halder and Sarkar, 2007; Neveu and Castaing, 1993; Wang and Oliveira, 2006). 
To this end, a new technology to provide cooled products on demand has been investigated. 
This “chill-on-demand system” avoids the requirement for chilled storage as it uses the 
cooling effect provided by the desorption of carbon dioxide previously adsorbed onto a bed 
of activated carbon contained in an inner component of the self-chilling product. This 
technology has the potential to be applied to any type of consumer product that needs to be 
cold at the point of consumption, significantly reducing the use of refrigerator storage. 
The self-chilling system investigated utilizes pressure swing adsorption (PSA) to provide 
cooled products on demand. PSA using activated carbon and carbon dioxide has emerged as 
one of the possible alternatives with zero ozone depletion potential (Chan, 1981; Goetz and 
Guillot, 2001; Halder and Sarkar, 2007; Wang and Oliveira, 2006). The technology has been 
particularly used for gas separation processes where a gas is adsorbed on a packed column 
of microporous-mesoporous adsorbent at high pressure. Depressurising the column leads to 
the desorption of adsorbed components from the solid (Alpay, 1992; Halder and Sarkar, 
2007; Sircar, 2002). Desorption is an endothermic process, thereby able to provide a cooling 
effect. The adsorbent is reusable. 
This research project is focused on one possible application of this technology: a self-chilling 
beverage can, previously developed by The Joseph Company International 
(www.chillcan.com). The can is shown schematically in Figure 1.1. The system works in the 
following manner: 
A. The container as a whole is formed of an outer steel can (1 in Figure 1.1) containing 
the beverage and an inner aluminium can (2 in Figure 1.1), called the Heat Exchange 
                                                 
1 In the Kyoto Protocol (UNFCCC, 1997), HFCs are in the list of the six worst significant greenhouse gases 
commonly known as the “basket” of gases; in the Montreal Protocol (UNEP, 1987) HCFCs are indicated as 
substances that deplete the ozone layer. 
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Unit (HEU), which contains activated carbon (AC) and an amount of carbon dioxide 
adsorbed onto it (4 in Figure 1.1). 
B. The beverage (5 in Figure 1.1) has no contact with the activated carbon. 
C. A plastic button located at the bottom of the 
container (3 in Figure 1.1) releases the 
pressure inside the HEU and emits the 
carbon dioxide to the atmosphere; the 
desorption of carbon dioxide from the 
activated carbon is endothermic and 
therefore able to provide a cooling action 
that should ideally lower the temperature of 
the beverage by about 15 K. 
The design of these innovative auto-refrigerated 
cans aims to optimize the cooling effect on the 
beverage, by maximising the heat exchange 
between the granules of activated carbon and the 
HEU wall, and to improve the efficiency of the 
material recovery after use, by making the 
separation of the HEU from the rest of the 
conventional steel can easier. 
Figure 1.1 Chill-on-demand can (schematic): 1. Outer steel 
can. 2. Inner aluminium can. 3. Button. 4. Activated carbon 
with carbon dioxide. 5. Beverage. 
Self-chilling delivery systems have long been a dream of the beverage industry. The kind of 
approach embodied in the chill-can system which is the focus of this research was first 
launched in the 1990s by The Joseph Company, based in California. The first model used an 
inner can, analogous to the HEU in the design shown in Figure 1.1, containing a liquid HFC 
refrigerant that was vented to atmosphere to achieve chilling. The device received much 
publicity, including televised use to prepare chilled dessert on a NASA space station, and 
received an award from NASA for protecting the ozone layer because it did not use a CFC. 
Almost simultaneously, it was banned by the UK Department of the Environment because of 
the huge contribution of the HFC refrigerant to global climate change; the ban applied 
throughout the European Union. The Joseph Company then decided to explore desorption 
chilling, using a technology developed by BOC in Guildford. CES was asked, by The Joseph 
Company, the Department of the Environment and The Worldwide Fund for Nature (WWF), 
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to conduct an independent LCA of the desorption system (Rice, 1998). On the basis of this 
study, the ban was lifted from the desorption system. Subsequent analysis (Sinclair and Clift, 
2012) revealed the importance in the overall environmental performance of “closed loop” 
use and of the process for producing activated carbon (which had been represented in the 
Rice et al. study by proxy data of doubtful validity). The need for a deeper analysis then 
became clear. 
The Joseph Company was the initial sponsor of this Engineering Doctorate, with Mark Sillince, 
Technical Director at SI Protech UK Ltd., located at Littlehampton (UK), nominated as 
Industrial Supervisor; SI Protech had been involved in the development of the chill-can. SI 
Protech provided some of the equipment for the experiments and the activated carbon from 
coconut shells produced in Indonesia by Chemviron Carbon.  
About six months from the start of the EngD, The Joseph Company withdrew from their 
commitment as sponsor for the project. As consequence, the collaboration with SI Protech 
was interrupted a few months later. Furthermore, access to any confidential material, 
especially regarding the properties of the activated carbon, was barred by the material 
supplier following non-payment of bills by The Joseph Company. Therefore the research was 
carried out based only on the initial information and material provided and with very limited 
access to information from SI Protech and Chemviron Carbon. 
The scope of the project was to evaluate whether the product could be suitable for promotion 
as a consumer product and how it should be marketed, by investigating the technology and, 
if possible, devising a way to achieve the best cooling performance with minimal 
environmental impact. Therefore, the principles of Life Cycle Engineering, “the art of 
designing the product life cycle through choices about product concept, structure, materials 
and processes” (Alting and Legarth, 1995; Herrmann et al., 2014), have been applied to the 
system under analysis. In particular, the study has aimed to evaluate the environmental 
performance over the whole life cycle of the self-chilling can, investigating the sustainability 
of its manufacturing, use and end-of-life stages.  
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1.1 METHODOLOGICAL APPROACH AND CONTRIBUTION OF THE PROJECT TO GENERAL 
KNOWLEDGE 
The principles of Life Cycle Engineering indicate the necessity of a multidisciplinary 
approach, which has to include the following areas of research (Figure 1.2): 
 
Figure 1.2 Areas of Research. 
1. Heat Transfer Modelling. The cooling effect is provided by the desorption of carbon 
dioxide from a bed of activated carbon. Accordingly, the adsorption/desorption 
process as a means of cooling has been investigated, together with its application to 
the specific case of carbon dioxide adsorbed on a bed of activated carbon obtained 
from coconut shells. The heat transfer between the beverage and the HEU wall (and 
then AC granules) has a crucial role. A specific experimental investigation has been 
designed, carried out under different operating conditions, and supported by the 
implementation of a transient heat exchange model.  
This part of the investigation is focussed on alternatives to conventional refrigeration 
systems, regarding the desorption technology as a new alternative “cold generator”. 
Therefore, investigations on this process and possible improvements gives a useful 
contribution to the knowledge of adsorption and desorption technology and its 
potential applications. In addition, its utilization for the particular application to 
“chill-on-demand” makes this research unique and innovative. 
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2. Sustainable manufacturing. “Sustainable manufacturing means that products are 
designed, produced, distributed, used and disposed with minimal (or [no]) 
environmental and occupational health damages, and with minimal use of resources 
(materials and energy)” (Alting and Jørgensen, 1993). According to this, and 
following the Life Cycle Thinking concept, which “identifies possible improvements 
to goods and services in the form of lower environmental impacts and reduced use of 
resources across all life cycle stages” (Lazarevic et al., 2012), all the possible 
environmental impacts of the product during its life cycle have been evaluated, by 
using the Life Cycle Assessment tool (Clift et al., 2000; ISO-14040, 2006). Activated 
carbons are known for having the most favourable characteristics for adsorption 
processes and excellent performances in a number of process applications; therefore 
the Life Cycle Assessment was carried out on these carbons, to fill gaps in knowledge 
about their environmental impact. This knowledge is necessary for industry to make 
informed decisions about the most suitable applications of this material. 
3. Waste minimization. The increase of population and the high consumption of 
products have created a global waste problem with a consequent and urgent necessity 
to reduce waste production. This implies: optimizing resource use (i.e. reducing waste 
and utilizing raw materials more efficiently); reusing the scrap material (i.e. reusing 
waste material in production and manufacturing processes); improving quality 
control (i.e. ensuring that products are kept from rejection by means of improved 
inspection and monitoring); and avoiding waste (i.e. waste should become raw 
material for another process) (WRFound, 2009). The Industrial Ecology concept of 
“considering the ecological aspect when dealing with the interaction and inter-
relationship both within industrial systems and between industrial and natural 
systems” (Despeisse et al., 2012; Leigh and Li, 2015) suggests using waste CO2 from 
industrial processes, in order to reduce the input of resources and output of pollutants 
and waste (Despeisse et al., 2012). Several technologies of carbon capture and 
utilization (CCU) have been developed to transform carbon dioxide from a waste into 
a resource (Meylan et al., 2015). 
4. Resource optimization. European and many other countries worldwide are promoting 
the idea of the circular economy (Figure 1.3), in which a better use of resources means 
an improvement of environmental, but also economic and social, aspects (EC, 2014b). 
In this framework, the role of reuse, remanufacture, redistribution and recycling is 
crucial. For the system under analysis, attention has been focused on the importance 
of recovery and reuse of the HEU and recycling of the metals: tinplate steel (outer can) 
and aluminium (inner can). This area of investigation was developed not only to 
evaluate the importance of reuse and recovery, but also to highlight the importance 
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of the behaviour of the consumers who, in this context, are the stakeholders. They 
would need to get use to a new type of beverage can and also need to adopt better 
recycling habits for the product to be successful. 
 
Figure 1.3 Circular economy scheme (Innovate UK, 2016). 
1.2 BEVERAGE CANS 
Every year the beverage market grows by about 3 %, with a global average consumption of 
270 litres of beverages per person per year, with 575 litres per person consumed in North 
America (Rexam, 2016b). 
 
Figure 1.4 2015 Global can volumes by region (Rexam, 2016b). 
As shown in Figure 1.4 and Figure 1.5, in 2015 around 320 billion beverage cans were 
consumed across the world with 60 % of them produced by the three major can makers 
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Rexam, Ball and Crown (Rexam, 2016b). 90 % of the cans are made of aluminium, with a 
few in parts of Europe, Asia and Africa made of steel (tinplate). In any case, cans are now the 
preferred packaging for all beverages and are substituting glass and PET. They are strong, 
light, quick to chill, easy to transport thanks to their lightness and compactness, available in 
multiple channels, such as vending machines or stores, and multiple sizes, protected from 
light and oxygen and they keep the beverage fresh and safe to drink. However, one of the 
main reasons why they are preferred to other packaging is because cans could be, even 
though only in principle, infinitely recycled. Aluminium in particular is the preferred metal 
for making cans. This is mainly due to its cost-effectiveness for recycling: there is a huge 
energy saving (the energy demand of recycled aluminium is about 6 % of that of virgin metal), 
it is 100 % recyclable and, at least in theory (Graedel et al., 2011; Reck and Graedel, 2012), 
it can be continuously recycled without losing quality (Reck and Graedel, 2012; Rexam, 
2016b). The steel cans can also be easily and continuously recycled, but they have larger 
environmental impacts during the recycling and production process (Bartl, 2014; Reck and 
Graedel, 2012). Aluminium is also lighter (~13.5 grams versus ~27 grams for steel cans) 
and consequently transportation is cheaper. 
 
Figure 1.5 2015 World beverage can market share (Rexam, 2016b). 
1.2.1 CHALLENGES IN METAL RECYCLING 
As noted in the previous section, cans are the favoured form of beverage packaging mainly 
because of their good recyclability. The Aluminium Association website 
(www.aluminum.org) reports: “Recycling aluminium saves more than 90 percent of the 
energy that would be needed to create a comparable amount of the metal from raw materials” 
(Aluminium Association, 2016). The recyclability of a can, therefore, has a crucial role in 
terms of sustainability. But, how well the world is doing this recycling is an important matter. 
A typical life cycle for a metal product starts by choosing the product design, i.e. which 
material will be used and which manufacturing process will be used. This will affect the end-
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of-life (EOL) of the metal (Graedel et al., 2011). When the product is ready, it goes to the use 
phase and then is discarded. Then the EOL starts. The first step is collection, i.e. the gathering 
of waste for transport to a recycling (or disposal) facility. Some of the products have to be 
disassembled into different metal streams before being recycled and after the (physical or 
chemical) separation they are recycled into primary or secondary routes, where scrap 
materials are re-melted and reprocessed to displace primary metals. In each phase of the life 
cycle, there are losses (Dubreuil et al., 2010; Graedel et al., 2011). 
The EOL can be considered closed when “a material is recycled into the same use” (Dubreuil 
et al., 2010; Graedel et al., 2011) and open if “products neither are collected for recycling 
nor enter those recycling streams that are capable of recycling the particular metal efficiently” 
(Graedel et al., 2011). 
 
Figure 1.6 Life Cycle of a metal (Dubreuil et al., 2010). 
To understand how well the world is recycling, recycling rates have been defined by Graedel 
et al. (2011) as the Recycling Input Rate (RIR), which “describes the fraction of scrap in the 
total input of metal production, the Old Scrap Ratio, “which describes the fraction of old 
scrap in the recycling flow”, and the End-Of-Life Recycling Rates (EOL-RRs), “which measure 
the fraction of metal collected but lost for functional recycling and that becomes an impurity 
or “tramp element” in the dominant metal with which it is collected”. In Figure 1.7, 
estimations of EOL-RRs for 60 metals and metalloids are reported. This indicator better 
defines the recycling content, which describes the share of all scrap in metal production 
without distinguishing between new, i.e. “loss from fabrication and manufacturing”, and old, 
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i.e. post consumption, scrap (Reck and Graedel, 2012). The metals that are used in large 
quantities are also those that represent the largest fraction of recycled metals and they only 
need to be re-melted in order to be reused; aluminium and steel are examples of these with 
an EOL-RR of 50 % (Figure 1.7)(Reck and Graedel, 2012). 
 
Figure 1.7 Global estimates of end-of-life recycling rates for 60 metals and metalloids, circa 2008 
(Graedel et al., 2011; Reck and Graedel, 2012). 
The EOL-RR depends most strongly on three factors: economics, because recycling has a cost 
and requires effort; technology, in particular related to the efficiency of the separation and 
pre-processing steps; and social, since the crucial step for metal recycling is collection. 
Collection efficiency is mainly related to the government of the region in which the waste 
arises, behavioural habits but also incentives. Public campaigns have to promote recycling in 
order to reach better targets, in terms of quality and quantity of separately collected materials. 
Several countries have set up legislation, recycling policies and programmes to incentivise 
recycling (Graedel et al., 2011; Reck and Graedel, 2012). 
1.3 THE ENVIRONMENTAL IMPACT OF REFRIGERATION 
Refrigeration and air conditioning (RAC) are now widely considered to be a life necessity in 
continuous expansion worldwide. Unfortunately, RAC has a huge environmental impact 
caused by the direct effect of energy consumption, which in the UK is responsible for 
approximately 16 % of all GHG emissions, and by the indirect effect of the action of the most 
commonly used refrigerants, contributing 8 % of global GHG emissions (Cowan et al., 2010). 
Refrigerators can use different technologies -direct expansion system (DX), secondary loop 
system (SEC) and distributed systems (DIST)- and different temperature ranges - medium 
(MT) for fresh food and beverage (temperature range -2 °C to -7 °C) and low (LT) for frozen 
loads (temperature range -18 °C to -32 °C). A wide range of refrigerants is in use, reported 
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in Table 1.1 where the high ozone depletion (ODP) and global warming potential (GWP) of 
CFCs (chlorofluorocarbons), HCFCs and HFCs are highlighted. 
The Montreal protocol (UNEP, 1987) restricts the production and use of fluorinated 
refrigerants in which emissions are indicated as “primary environmental impacts from air 
conditioning and refrigeration” (Calm, 2002). The benefits of this decision are shown in 
Figure 1.8, which shows the extent of Earth’s ozone layer would have developed from the 
1980s to the 2060s without the Montreal protocol, and how, thanks to the protocol, it is 
actually developing. 
Type 
Product 
 R- Number 
ODP  GWP  
CFC 
12 1 High 10900 High 
502 0.33 High 4657 High 
HCFC 
22 0.055 Medium 1810 Medium 
123 0.060 Medium 77 Low 
401A 0.033 Medium 1182 Medium 
401B 0.036 Medium 1288 Medium 
402A 0.019 Medium 2788 High 
402B 0.030 Medium 2416 Medium 
408A 0.024 Medium 3152 High 
409A 0.046 Medium 1909 Medium 
HFC 
23 0 ZERO 14800 High 
32 0 ZERO 675 Medium 
134A 0 ZERO 1430 Medium 
404A 0 ZERO 3922 High 
407A 0 ZERO 2107 Medium 
407C 0 ZERO 1774 Medium 
407F 0 ZERO 2088 Medium 
417A 0 ZERO 2346 Medium 
422A 0 ZERO 3143 High 
422D 0 ZERO 2729 High 
423A 0 ZERO 2280 Medium 
424A 0 ZERO 2440 Medium 
427A 0 ZERO 2138 Medium 
428A 0 ZERO 3607 High 
434A 0 ZERO 3245 High 
437A 0 ZERO 1805 Medium 
438A 0 ZERO 2265 Medium 
442A 0 ZERO 1888 Medium 
507A 0 ZERO 3985 High 
508B 0 ZERO 13396 High 
MO89 0 ZERO 3805 High 
NATURAL 
170 (Ethane) 0 ZERO 6 Low 
290 (Propane) 0 ZERO 3 Low 
600a (Isobutane) 0 ZERO 3 Low 
717 (Ammonia) 0 ZERO 0 ZERO 
744  
(Carbon dioxide) 
0 ZERO 1 Low 
1270 (Propylene) 0 ZERO 2 Low 
Table 1.1 Overview of refrigerants groups (Linde, 2016). 
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Figure 1.8 Earth’s ozone layer with and without the Montreal Protocol (UNEP, 2014). 
The fluorinated refrigerants are “bad” not only for their ODP and GWP but also because they 
produce persistent wastes: their decomposition in the atmosphere forms trifluoroacetic acid 
(TFA), which is toxic. They are produced from fluorspar, which is in the list of the 20 most 
critical raw materials, i.e. “the materials that have a high economic importance to the EU 
combined with a high risk associated with their supply” (EC, 2014a) and are difficult to 
recycle. Cleaned refrigerators can be reused but few recycling plants are available in 
developed countries (GCI, 2016). In 2010, virgin HCFCs, previously substitutes of the CFCs, 
were banned from use and from 2015 there is a total ban on filling HCFCs in the EU. By 2040 
HCFCs are planned to be phased out (GCI, 2016; Linde, 2016). 
Currently, the refrigerator industry is mainly using HFC refrigerants, considered the 
environmentally friendly alternative to CFCs and HCFCs because they have zero ODP, but 
still have medium to high GWP (Linde, 2016). Therefore, the RAC applications are shifting 
to “green cooling technologies” characterized by “natural refrigerants” (see Table 1.1), 
which have lower energy consumption, zero ODP and negligible GWP (GCI, 2016). The 
scope of this new group is to maximize the energy efficiency of the refrigeration systems, by 
minimizing their environmental impacts in order to be good long-term substitutes for CFCs 
and HCFCs (Bovea et al., 2007; GCI, 2016). Negative and positive aspects of the fluorinated 
refrigerants compared to some of the “naturals” are reported in Figure 1.9. 
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Figure 1.9 Refrigerant characteristics: green shows the positive and red the negative properties 
(GCI, 2016). 
Cost, energy efficiency and safety are still an issue for these new refrigerants and for this 
reason, even if their environmental impact is lower than normal refrigerants, the RAC 
industry has still not fully shifted to them as definitive substitutes of the fluorinated 
substances. For instance, the most-widely used refrigerant is R123 (Calm, 2002). In the UK, 
supermarket retailers are the biggest source of HFC emissions; therefore they still represent 
a threat for the environment. New legislation is pushing the RAC industry to reduce the 
carbon footprint of refrigeration systems and the market is searching for newer refrigeration 
systems with lower GWP impact. 
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2 THE SELF-CHILLING SYSTEM: PROCESS AND TECHNOLOGY 
DEVELOPMENT 
2.1 ADSORPTION AND DESORPTION 
Every separation process exploits the difference in a property of the compounds that have to 
be separated. Separation by adsorption uses preferential adsorption of a compound on a 
specific solid surface compared with the other constituents of a mixture; i.e. the physical and 
chemical phenomenon in which the molecules of a liquid or gas are transferred to and held 
by the surface of a solid, called the adsorbent. Usually the particles of adsorbent are held in 
a fixed bed, and fluid is passed continuously through the bed until the solid is nearly saturated 
and further separation can no longer be achieved. In the case of adsorption, the term “surface” 
means not only the outer surface but above all the inner surface of the solid when, as in the 
majority of materials used for the processes of adsorption, the solid is porous. In particular, 
as shown schematically in Figure 2.1, the molecules diffuse from the bulk of the fluid towards 
the surface of the solid adsorbent, thus forming a distinct phase, the adsorbate. 
 
Figure 2.1 Schematic of the adsorption process (Keller and Staudt, 2005). 
The adsorption process lacks complete selectivity since some amounts of other compounds 
may be adsorbed together with the specific desired compound. That is the main difference 
from process separation by absorption (Figure 2.2) where the other compounds may be 
completely insoluble. 
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Figure 2.2 Absorption and Adsorption (Picaclean, 2011). 
The choice of the process suitable for a specific separation can also depend on the ease with 
which the separated components can be recovered. This aspect is particularly important for 
processes of CO2 separation and sequestration because the recovery phase of the gas must 
always be followed by a phase of sequestration. Therefore the ease of recovery of separated 
CO2 is crucial. 
The adsorbent must be periodically removed from the process then regenerated and restored 
to its original condition. These cycles cannot be repeated indefinitely. The adsorbent material 
will degrade over a number of successive uses and must eventually be replaced. 
The adsorption process is characterized by a reduction of entropy of the adsorbed molecules. 
Initially they are free to move in the fluid phase but, after having been adsorbed, they can 
only move on the surface of the solid. The spontaneity of the process is assured by the 
associated heat release: in other words, adsorption is an exothermic process, and desorption 
is endothermic. The separation occurs because differences in molecular weight, shape or 
polarity ensure that only certain molecules are strongly retained on the surface or because 
the pores are too small to allow access to large molecules. 
Adsorption using solid sorbents is a technology undergoing rapid development and appears 
to offer potential energy savings together with lower capital and operating costs, as an 
alternative to other separation technologies, such as absorption, separation with membranes 
and cryogenic (Aaron and Tsouris, 2005; García et al., 2011). Therefore, there is increasing 
interest in the technical development of CO2 capture by adsorption especially using carbon 
sorbent (Kaithwas et al., 2012; Li et al., 2010; Yang et al., 2008). Recently, cyclical adsorption 
and desorption has becoming a technique for cooling systems and several studies have been 
carried out to investigate and improve this application (Goetz and Guillot, 2001; Halder and 
Sarkar, 2007; Kuwagaki et al., 2003). The cooling effect that can be generated depends on 
the amount of carbon dioxide adsorbed and the specific heat of desorption. The amount of 
CO2 adsorbed depends on the characteristics of the activated carbon, mainly its specific 
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surface area, composition and particular form of activation. Accordingly, the optimization of 
the Chill-on-demand product starts with the investigation of possible techniques to increase 
the adsorption and successive desorption of carbon dioxide on activated carbon. 
2.1.1 CHARACTERISTICS REQUIRED OF ADSORBENT MATERIALS 
Adsorbent materials are available as fine powders, irregular granules, or extruded pellets 
(Figure 2.3). The size reflects the need to obtain a surface area as large as possible in a given 
volume of bed and, at the same time, to minimize the pressure drop through the bed. 
 
Figure 2.3 Forms of a commercial activated carbon powders (0.4 - 75 m), granules 
(75 m - 4.75 mm), pellets (0.8 - 6 mm). 
An adsorbent material of commercial interest should have as many as possible of the 
following characteristics: 
 Large internal surface area; 
 Internal surface area accessible through pores large enough to allow the molecules 
to be adsorbed. A further advantage would be to have pores small enough to exclude 
molecules that should not be adsorbed (as shown schematically in Figure 2.4); 
 
Figure 2.4 Performance of the mechanism of adsorption of pores of different diameters. 
 Easy regeneration; 
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 Longevity, i.e. limited tendency to age, with the consequent loss of adsorption 
capacity, over many cycles of adsorption and regeneration; 
 High resistance to mechanical stress (attrition, vibration, etc.) required for a specific 
industrial application. 
The majority of adsorbents are highly porous materials where adsorption takes place mainly 
on the walls of the pores or on specific sites internal to the particles. Since the pores are 
generally very small, the internal surface area is orders of magnitude greater than the 
external, and is typically in the range 500-1500 m2 g-1 (Lenntech, 2016). However, for very 
fine or nanosized particles the outer surface can provide a significant contribution. 
2.2 ACTIVATED CARBONS 
Activated carbons (AC) have particularly favourable characteristics for adsorption processes, 
thanks to their high porosity, large surface area, high surface reactivity and ease of 
compaction into a packed bed. But they are also characterized by cheap manufacture in large 
quantities, due to the widespread and reliable supply of the materials from which they are 
produced (Bansal and Goyal, 2005; Marsh and Rodriguez-Reinoso, 2006). They are often 
called the “material of the future”, due to their excellent performance in a number of process 
applications (Bansal and Goyal, 2005; Derbyshire et al., 2001; Sahu et al., 2010; Sirichote et 
al., 2002; Subha and Namasivayam, 2009). Some examples of these applications are reported 
below (Chemviron, 2016a): 
 Water treatment: for example in purifying drinking water as shown in Figure 2.5, 
where granulated activated carbon (GAC) can be used in filters to improve the 
drinkability of water by removing colour, odour, pesticides, algal toxins, 
trihalomethanes and other disinfection by-products (DBP removal), chlorinated 
hydrocarbons and other volatile organic compounds (VOC removal), endocrine 
disrupting compounds (EDC removal) and other micropollutants, pharmaceutical 
and personal care products (PPCP removal). 
 
Figure 2.5 Granular Activated Carbon in Potable Water Treatment (Chemviron, 2016a). 
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AC are also used for removing contaminants (i.e. pesticides, non-bio organic 
compounds, aromatic compounds, etc.) from industrial and municipal waste waters. 
 Air treatment: in the Air Pollution Control (APC) Technologies, adsorption in AC is 
the most utilized technique for the removal of the VOCs from air or gases. They are 
also used for flue gas treatment, in particular for dioxins and heavy metals removal 
in the incineration facilities of municipal solid waste, medical waste and industrial 
and hazardous waste. 
 Decaffeination: specific activated carbons are used for decaffeinating tea and coffee. 
 Decolourisation, deodorisation and aroma removal of beverages: activated carbons 
are used to remove colours and correct odour and taste in beers and vodka, for age 
stability of brandy and whiskey, for decolourization and removal of micro-toxins 
from wine and fruit juice. 
 Industrial processes: activated carbons are used for industrial processes, such as in 
the gas process shown in Figure 2.6 to remove mercury, which can lead to corrosion 
of downstream process plant such as heat exchangers. 
 
Figure 2.6 Mercury Removal process (Chemviron, 2016a). 
Activated carbon products are composed mostly of carbon (typical values are 88 % or more), 
with minor contents of oxygen (6-7 %), sulphur (typically about 1 %) and hydrogen and 
nitrogen (about 0.5 %), the remaining part being ash (Bansal and Goyal, 2005). Under 
controlled oxidation conditions, this carbonaceous structure acquires a high porosity, which 
translates into high specific surface area (from 500 to 1500 m2 g-1). The internal surface 
area must be accessible to the fluid for adsorption to be possible. 
Before it can be used as an adsorbent material, the carbon must be activated. During 
activation, the internal surface becomes more extended by controlled oxidation of carbon 
atoms - usually achieved by the use of steam at high temperature. Thus, it is necessary that 
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an activated carbon has not only a highly developed internal surface but that the surface is 
accessible via a network of pores of differing diameters. The porosity is classified by IUPAC 
(International Union of Pure and Applied Chemistry) into three distinct families: macropores 
(> 500 Å, i.e. 50 nm), mesopores (between 20 and 500 Å, i.e. 2 and 50 nm) and micropores 
(< 20 Å, i.e. 2 nm). All activated carbons contain micropores, mesopores, and macropores 
within their structures but the relative proportions vary considerably according to the raw 
material and activation process. 
For the phenomenon of adsorption, the pore size distribution is crucial because it strongly 
affects the characteristics of the activated carbon adsorbents. Adsorption in the micropores 
is essentially a process of pore-filling: filling with molecules of dimensions comparable with 
those of the pores themselves, for which the controlling parameter is the total volume of 
available micropores. The structure of the macropores is easily visible with an electron 
microscope, while that of meso and micropores it is more difficult and less accurate to 
characterize. 
Thanks to the simplicity of their manufacture, a number of improved activated carbons have 
been developed by using particular chemical treatments. For instance, recent studies focused 
on the use of activated carbons derived from fly ash through impregnation with amine, a 
widespread technique that increases the adsorption capacity by chemical modification of the 
sorbent (Yu et al., 2012). These “amine-enriched fly ash carbon sorbents” have significantly 
greater CO2 adsorption capacity than current commercially available sorbents (Gray et al., 
2004; Gray et al., 2005). These adsorbents are particularly useful for capture of carbon 
dioxide and could be potentially suitable also for “cooling systems”. For instance, Grey et al. 
(2004) present an amine-enriched sorbent, called 95C, which has an initial CO2 release 
capacity of 174.5 mol g-1, i.e.7.68 mg g-1, and, after regeneration, releases a capacity of 
140.6 mol g-1, i.e. 6.19 mg g-1. This is a remarkable improvement compared with the 
73 mol g-1 of CO2 released from AC without this treatment (Gray et al., 2004). However, 
activated carbon manufacturing companies do not consider this technique appropriate for 
cooling applications due to the high energy intensity of the system: the enthalpy of 
dissociation of the carbo-amine composite (also called “carbamate”) is difficult to overcome 
(Chemviron, 2016b). 
2.2.1 MANUFACTURING METHODOLOGIES FOR SELECTED ACTIVATED 
CARBON 
It is known that activated carbons can be manufactured from a number of different fossil or 
biogenic raw materials (Khah and Ansari, 2009); indeed, it can be said that any inexpensive 
feedstock having a sufficiently high carbon content and low percentage of inorganics can be 
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used as a raw material for AC production (Hjaila et al., 2013; Ioannidou and Zabaniotou, 
2007; Subha and Namasivayam, 2009; Yahya et al., 2015). Therefore, lignocellulosic 
materials, and agricultural by-products in particular, appear to be promising precursors for 
sustainable AC manufacturing, having a positive trade-off in terms of greenhouse gas 
emissions by avoiding the environmental impacts arising when the material is left to rot or 
burn (Ntuli and Hapazari, 2013). Amongst these materials, coconut shells are often utilized 
for activated carbon production (Yahya et al., 2015), due to their abundant supply (which 
improves the economic viability of the manufacturing route), high density and high purity. 
It has also been claimed, as mentioned above for lignocellulosic materials in general, that 
they have an environmental advantage over coal-based carbons (Marsh and Rodriguez-
Reinoso, 2006), particularly in terms of emissions of greenhouse and acid gases. 
Before it can be used as an adsorbent, the carbon must be activated. The main steps of the 
process to produce activated carbon from coconut shells are as follows (Figure 2.7): 
 
Figure 2.7 Manufacture of activated carbon (Lartey and Acquah, 1999). 
- Crushing and drying of raw materials, i.e. coconut shells in the self-chilling case, are 
crushed and dried. The moisture is usually vented to the atmosphere. 
- Carbonization, consisting of heating in the absence of air at temperatures lower than 700 °C. 
Much of the non-carbonaceous material is volatilized through this pyrolysis process, giving 
rise to a highly porous structure. The char produced after carbonization does not have a high 
adsorption capacity yet. This process generates also oils and tars (distillate product), which 
are combustible and thus available as fuel. 
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- Activation, at temperatures between 750 and 950 °C. In this step all adsorbed impurities of 
the char are eliminated. An increase of the pore size and volume, with the simultaneous 
oxidation of the outer surface leading to formation of the active sites, is obtained (Mattson 
and Mark, 1971). Activation can be either a chemical process (usually using acids, bases, 
and saline solutions) or a physical process (thermal activation: gasification with steam or 
carbon dioxide). There are significant differences between activation with carbon dioxide 
and steam (Marsh and Rodriguez-Reinoso, 2006), for two main reasons: activation with CO2 
occurs at a lower rate and there are different product inhibitions in the activation reactions. 
The C-CO2 reaction: 
Cf + CO2 = CO + C(O) 
Reaction 1 
C(O)  CO 
Reaction 2 
The C-H2O reaction: 
Cf + H2O = C(O)+H2  
Reaction 3 
C(O)  CO 
Reaction 4 
2Cf + H2 = 2C(H) 
Reaction 5 
where Cf is the free carbon active site, C(O) is the oxygen surface complex, and C(H) is the 
chemisorbed hydrogen (Marsh and Rodriguez-Reinoso, 2006). It can be seen from Reaction 
1 and Reaction 2 that the carbon monoxide inhibits the CO2 gasification reaction by 
removing the oxygen complex from the carbon surface. Instead, during steam activation, 
hydrogen inhibits by removing the oxygen complex from the carbon surface (reverse of 
Reaction 3) and dissociating chemisorption of H2 on the carbon surface (Reaction 5). 
Hydrogen is a much stronger inhibitor for the steam activation than is CO for the carbon 
dioxide activation and causes greater non-uniformity of gasification. In practice, activation 
with carbon dioxide produces a narrower micropore size distribution and a larger micropore 
volume than steam activation which on the other hand leads to the effect of micropore 
widening (Marsh and Rodriguez-Reinoso, 2006; Molina-Sabio et al., 1996). The larger 
development of microporosity produced by CO2 activation and the micropore widening 
produced by the steam are considered of equal importance (Molina-Sabio et al., 1996), but 
for activated carbons not intended for specialised use, porosity developed by steam activation 
Chapter 2. - The Self-Chilling System: Process And Technology Development  
21 
is sufficient, and therefore the much more expensive CO2 activation is not needed. The 
activated carbon used in the self-chilling system is, in fact, activated by steam. 
The activation process can be summarized as in the following: 
C(CHAR) + H2O = H2 + CO H=+121.33 kJ mol-1 
Reaction 6  
The off-gases from the activation process are burned to provide the heat for the process: 
2H2+O2 = 2H2O Hc=-285.84 kJ mol-1 
Reaction 7  
4CO+2O2 = 4CO2   Hc=-282.99 kJ mole-1 
Reaction 8  
Reaction 7 and Reaction 8 (which are the combustion reactions of hydrogen and carbon 
monoxide) are highly exothermic, and sufficient to provide all the energy necessary for the 
process. 
Finally, it should be highlighted that most of the activated carbons that are currently available 
commercially originate from non-renewable fossil fuels. It has been estimated that the 
production of 1 kg of activated carbon implies the release of about 6 kg of CO2 (Jacobi, 2015). 
Coconut shell-based products seem to have a clear environmental advantage over coal based 
carbons, particularly in terms of acidification potential, non-renewable energy demand and 
carbon footprint (Ragan, 2010). The cited report from Jacobi (Ragan, 2010) claims that 
coconut shells fix the carbon that would have been released through their natural decay, 
leading to significant sequestration of carbon, as shown in Figure 2.8. The carbon footprint 
of the activated carbon from coconut shells will be investigated in detail in Section 3.4. 
 
Figure 2.8 Carbon Footprint for Manufacture of Coal and Coconut Shell Activated Carbons (Jacobi, 
2015). 
Activated carbons need specific properties for each different application. Considering the 
range of applications, it is difficult for manufacturers to conduct specific tests related to each 
type of application. It is, therefore, necessary to relate the carbon’s surface capabilities to a 
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standard reference. The essential properties to characterise carbon are the size, shape and 
number of pores: small pores will not be able to entrap large adsorbate molecules whereas 
large pores could not entrap small ones (Ioannidou and Zabaniotou, 2007). The external 
particle size distribution is also significant: small particles lead to more rapid penetration into 
the particles and possibly more effective usage of the pores but increase the resistance to flow 
through the bed. 
The specific surface area is another key parameter to characterize an adsorbent. It is usually 
determined by the BET (Brunauer, Emmett and Teller) method (Brunauer et al., 1938). It uses 
the low-pressure range of the adsorption isotherm of a molecule of known dimensions, 
usually nitrogen. The BET method is based on a number of simplifying assumptions, for 
instance it is assumed that the species is adsorbed only on the surface of the activated carbon. 
The specific surface area is evaluated as: 
𝑆 =
𝑋𝑚𝑁𝐴
𝑀
 
Equation 1 
where S is the specific area in m2 g-1, Xm is the sorption value (mass of adsorbed N2 divided 
by mass of carbon sample), N is Avogadro’s Number (equal to 6.025E+23), A is the cross-
sectional area of the nitrogen molecule in angstroms and M is the molecular weight of 
nitrogen (Ruthven, 1984). Ioannidou and Zabaniotou (2007) report that the BET surface 
area increases at higher activation temperatures. 
It is also useful to define the moisture content of an activated carbon, expressed in relation 
to the net weight of the carbon. The value calculated is taken into account especially for the 
transport and storage stages. Unless the carbon is kept in sealed packaging, its moisture 
content will usually increase during these stages (ASTM-D2867, 2009). 
The hardness and resistance to attrition are also important because they measure the 
resistance of granular or pelletized activated carbon to abrasion during handling and use. 
The method most commonly used to evaluate abrasion resistance is the Stirring Bar Abrasion 
Test (ASTM-D3802, 2010) while the hardness is measured by means the Ball-pan Hardness 
Test. These tests show that granular coconut-based carbons are the least subject to physical 
degradation because they are produced from pieces of raw coconut shell, whereas most other 
carbons are produced from reconstituted powders and so can breakdown to a powder or dust. 
Furthermore, the structure of coconut carbon produces a material of relatively high density 
and physical strength. 
Many carbons preferentially adsorb small molecules. Iodine number, measured by 
adsorption of iodine from solution, is an indicator of porosity in an adsorbent and is therefore 
a commonly used parameter to characterize activated carbon performances. Sometimes the 
iodine number is used as a proxy for surface area and porosity measurement. It is a measure 
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of activity. A higher number indicates higher degree of activation. A typical range is between 
500-1200 mg g-1 (iodine absorbed by 1 gram of carbon). While the iodine number may give 
an indication of the porosity, it does not necessarily indicate the carbon’s activity to adsorb 
species other than iodine (ASTM-D4607, 2011). 
Another significant property is the total ash content, measure by means of ASTM-D2866 
(ASTM-D2866, 2011): it is a relative indicator of the amount of mineral matter (Ca, Mg, Si, 
Fe, etc.) in the carbon. In some specific end uses, the amount and composition of the ash may 
influence the properties of activated carbon. Ash content is particularly important where the 
carbon is used as a catalyst support since certain constituents of the ash may interfere with 
or destroy the action of precious metal catalysts. 
2.2.2 WHY ACTIVATED CARBON AND CO2? 
Some studies on solid sorption cooling system have been carried out using carbon dioxide as 
refrigerant and activated carbon as adsorbent (Goetz and Guillot, 2001; Zhong et al., 2006). 
This solute-sorbent “duet” appears to be the best combination for cooling systems based on 
adsorption-desorption processes (Kuwagaki et al., 2003), for several reasons: 
First of all, the CO2 is neither toxic nor flammable; it is inexpensive and widely available. 
Because it is a waste product from some industrial processes, it may be assumed that its use 
as “technical gas” has low impact on the global environment (Zhong et al., 2006). The 
thermodynamic properties of the gas are also particularly attractive because its heat of 
adsorption is high and the storage pressures acceptable (Goetz and Guillot, 2001; Halder and 
Sarkar, 2007). Furthermore, the adsorbent structure fits the carbon dioxide molecule 
particularly well. From a theoretical point of view, zeolites are considered the best CO2 
sorbent materials at low pressure and ambient conditions, in terms of adsorption efficiencies 
(Martin et al., 2010). They have a perfect, continuous and predictable structure, due to the 
equal distribution of silicon and aluminium, which provides a uniform pore size distribution. 
For a known molecular size, this allows the adsorption efficiency to be predicted in any 
specific case. The adsorption efficiency of a zeolite is affected by its size and charge density 
and the chemical composition of cations in the porous structure. But, as reported in several 
studies (Martin et al., 2010; Yu et al., 2012), the use of activated carbons is preferred due to 
their wide availability, low cost, ease of regeneration, lower sensitivity to moisture and larger 
capacities at high pressure. They are also characterized by more rapid mass transfer, stable 
adsorption performance and also absence of corrosion concerns with metal containers, 
which is a problem that can occur with chemical absorbents (Wang et al., 2013). 
These characteristics suggested activated carbons as the most suitable material for application 
in self-chilling drink cans. In particular, the manufacture of the chilling HEU requires the 
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sorbent to have high capacity to limit the pressure at which the carbon dioxide is adsorbed. 
This indicates that zeolites cannot be as efficient as activated carbon. In addition, the CO2 
capacity of zeolites greatly declines in the presence of moisture in the gas because of their 
hydrophilic character (Yu et al., 2012). There is a potential for moisture to be present in the 
HEU, particularly if it is re-used, and this would render a zeolite-based HEU less efficient and 
less reusable than one filled with activated carbon. 
Yu et al. (2012) also reported the use of MOFs (Metal Organic Frameworks) sorbent materials, 
which have the advantages of high surface area, controllable pore structures and tunable 
pore surface properties while their preparation cost is lower than those of microporous 
carbons (Wickramaratne and Jaroniec, 2014). However, their poor resistance to water, 
thermal stability, ease and consistency of preparation, and high cost and energy requirements 
for regeneration all indicate activated carbon as a superior material for the application of 
interest here. 
2.2.3 CHARACTERIZATION OF THE SELECTED ACTIVATED CARBON 
The activated carbon selected by the Joseph Company for the product and investigated in this 
research, is the AGT 702b, provided by Chemviron Carbon. It is a granulated type, produced 
from coconut shells in Indonesia, and contains a certain percentage of graphite, which could 
improve the thermal conductivity of the adsorbent. In the following paragraphs, the 
properties of this carbon are summarised, with the aim to provide information useful to a 
better understand of the system behaviour. 
 PROPERTIES 
As mentioned above, the particle size distribution plays a crucial role (Ioannidou and 
Zabaniotou, 2007). It has been determined here by the standard Test Method for Particle Size 
Distribution of Granular Activated Carbon (ASTM-D2862, 2010). Figure 2.9 shows the 
obtained size distributions of the AGT 702b particles, fresh and after compaction in the HEU. 
The Sauter mean diameter2 of the fresh activated carbon is approximately 500 µm, which is 
remarkably coarser than that of 100 µm, related to the PSD after pressurization in the HEU. 
This difference could have an impact on the regeneration stage, which would have to adsorb 
carbon dioxide onto fine rather than coarse particles, with a large proportion below 10 µm, 
as shown by the cumulative particle size distribution of Figure 2.10. 
                                                 
2 The Sauter mean diameter, or surface/volume equivalent diameter, of a particle size distribution is the 
diameter of mono-size spherical particles having the same surface-to-volume ratio as the real particle size 
distribution. 
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Figure 2.9 AGT 702b Particle Size Distribution. 
 
Figure 2.10 AGT 702b Cumulative Particle Size Distribution. 
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As also mentioned above, the specific surface area is a key parameter necessary to 
characterize an adsorbent. BET surface was estimated on the basis of data provided by a 
thermo-gravimetric analysis, which gives the temperature of decomposition of the material 
for the procedure of outgassing (which is part of the BET procedure analysis). 
Figure 2.11 shows the result of this analysis carried out by the Chemistry Department at the 
University of Surrey, which indicates a temperature of initial decomposition of the activated 
carbon at around 150 ˚C. Therefore, outgassing of the fresh activated carbon for BET analysis 
was carried out at this temperature. 
 
Figure 2.11 AGT 702b Thermo-Gravimetric Analysis. 
The BET surface area was determined as 1474 m2 g-1. This value is considered sufficiently 
high compared with those typical of activated carbons utilized for carbon dioxide adsorption 
(Marsh and Rodriguez-Reinoso, 2006). 
 ISOTHERMS AND HEAT OF ADSORPTION 
Isotherms of carbon dioxide adsorbed into the activated carbon were experimentally 
evaluated at three different temperatures. The equipment utilized is a gas sorption analyser, 
the Intelligent Gravimetric Analyser (IGA), which uses the gravimetric technique to measure 
the magnitude and dynamics of gas and vapour sorption on materials. The IGA system 
connected with the specific software IGASwin (Hiden Isochema, 2007) determines the 
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maximum amount of a gas that can be adsorbed on a sample of solid and reproduces 
isotherms or isobars under different operating conditions. Figure 2.12 shows the isotherms 
obtained with the IGA for carbon dioxide adsorbed on the activated carbon up to 10 bar. 
 
Figure 2.12 Isotherm at 283, 298 and 313 K. 
As also reported by other studies (Saha et al., 2011; Singh and Anil Kumar, 2016) adsorption 
capacity decreased in temperature. The isotherms can be adequately described by the 
Langmuir model for monolayer adsorption (as demonstrated in Figure 2.13), following 
Equation 2 (Aly et al., 2014; Feride et al., 2005; Jinren and Weiling, 2003; Khalili et al., 
2013): 
𝑞𝑖 = 𝑞𝑖
∗ 𝐾𝐿𝑃
1 + 𝐾𝐿𝑃
 
Equation 2 
where qi is the amount of CO2 adsorbed per unit mass of AGT 702B, qi* is the maximum 
amount of CO2 adsorbed on a monolayer of adsorbent, P is the pressure for pure gas and KL 
(bar-1) is a temperature-dependent constant (Delavar et al., 2010; Khalili et al., 2013; Yin et 
al., 2013). 
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Figure 2.13 Linearized Langmuir isotherm for the adsorption of CO2 into AC at ambient 
temperature. The graph of qi-1 (where 𝑞𝑖
−1 = 𝑞∗𝐾𝐿𝑃
−1 + 𝑞∗−1) versus P-1 is a straight line and the 
value of R2 is ~1, hence the isotherm fits the Langmuir model (Aly et al., 2014). 
The temperature dependence of KL is given by the Van’t Hoff equation: 
𝑙𝑛𝐾 = −
∆𝐻𝐴𝐷𝑆
0
𝑅𝑇
+ 𝐶 
Equation 3 
where ∆H0ADS is the heat of adsorption, R is the gas constant and T is the temperature. 
At low pressures Equation 2 simplifies to a linear isotherm: 
𝑞𝑖 = 𝑞𝑖
∗𝐾𝐿𝑃 
Equation 4 
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Figure 2.14 Low pressures of isotherm at 283, 298 and 313 K. 
Figure 2.14 shows plots of qi vs P at low pressures, from which it is possible to evaluate the 
gradients yield KL. Following the approach used by Singh et al. (2016), the heat of adsorption 
was then obtained from a plot of ln(KL) vs 1/T (Figure 2.15) where, considering Equation 3, 
the gradient represents exactly the heat of adsorption H; i.e. 20 kJ mol-1. 
 
Figure 2.15 Variation of ln(K) with 1/T. 
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To prove consistency with the results obtained, referring to Figure 2.12, the logarithm of 
pressure values related to selected values of q, have been plotted against (1/T). The slope of 
the resultant straight lines (Figure 2.16) is the adsorption enthalpy from the Clausius-
Clapeyron equation (Equation 5). The value obtained is again 20 kJ mol-1. 
𝜕𝑙𝑛𝑃
𝜕
1
𝑇
=
∆𝐻𝑎𝑑𝑠
𝑅
 
Equation 5 
 
Figure 2.16 Variation of ln(P) with 1/T. 
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2.3 HEAT TRANSFER IN THE SELF-CHILLING CAN: MODELLING AND EXPERIMENTS 
In this work, a detailed analysis was carried out to elucidate the processes controlling heat 
transfer between the HEU and the beverage, to evaluate the thermal conductivity of the 
activated carbon bed and thus to provide a basis for exploring ways to improve the cooling 
performance of this system and other possible applications of the technology. 
2.3.1 HEAT TRANSFER IN A BED OF ACTIVATED CARBON 
The adsorbent material is the key component of an adsorption cooling system: its structure 
affects the performance of the whole system (Li et al., 2015). 
The adsorption capacity of an activated carbon is determined by its morphology and is 
strongly affected by the chemical structure of the carbon surface. Its microcrystalline 
structure has aromatic sheets with intervening spaces of about 0.35 nm, containing 
structures with free radicals or unpaired electrons. The number of unpaired electron 
structures is increased by the carbonization process. They are stabilized by resonance; i.e. the 
phenomenon whereby delocalized electrons are shared between atoms or molecules to form 
a stable structure. Consequently, the unpaired electrons create edge carbon atoms with 
unsaturated valences (i.e. not all atoms are able to create bonds with other atoms). The 
valence causes interactions with heteroatoms such as oxygen, hydrogen, nitrogen and 
sulphur, creating different groups on the surface (Bansal and Goyal, 2005). The resulting 
random structure undoubtedly influences the adsorption properties of activated carbons. 
Like all physical adsorbents, these materials have lower adsorption capacity compared with 
chemical adsorbents. The maximum adsorption capacity of an activated carbon is about 
0.3 kg kg-1 while that of calcium chloride, a typical chemical adsorbent, is 1.225 kg kg-1 
(Wang et al., 2013). 
Poor heat and mass transfer in adsorption systems is one of the factors that prevents 
widespread application of adsorption refrigeration systems (Li et al., 2015). This is, of course, 
a potential negative aspect for the Chill-on-demand system. The HEU of the self-chilling 
system needs to work efficiently, cooling down the beverage quickly and keeping it chilled, 
while not losing too much of the potential cooling to the vented carbon dioxide. Therefore, 
along with adequate cooling on desorption with a sufficient quantity of adsorbed carbon 
dioxide capacity to achieve the desired cooling duty, good heat transfer is important between 
the HEU and beverage. 
Several studies have been carried out to find solutions that could improve the heat and mass 
transfer performance of beds of activated carbon particles, reviewed by Li at al. (2015). Some 
of the approaches suggested are: increasing the heat transfer area (shown in Figure 2.17); or 
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reducing the contact resistance between the wall and the adsorbent or reducing the thermal 
resistance of the adsorbent itself. In this application, the HEU design needs to be kept as simple 
as possible. Therefore, the mechanical design approach has not been pursued. Instead, ways 
to increase the thermal conductivity of the adsorbent bed were explored. 
 
Figure 2.17 Different type of the adsorbent bed structure to improve heat transfer area: a) Plate-
finned bed where the contact area is enlarged by introducing metal finned tube (Ji et al., 2014), 
finned plate (Liu et al., 2005) or flat-pipe into the bed; b) Spiral plate bed where the sandwich 
structure generates a high heat flux between the fluid and the adsorbent material with uniform 
temperature along the bed (Li et al., 2015); c) Pin-fin bed where the pins on the surface of the plate 
increase the total surface area reducing the overall transfer resistance and improving the 
temperature uniformity (Li et al., 2015; Wang et al., 1998; Wang et al., 2005; Xie, 2007). 
Beds of granular activated carbon have low thermal conductivity, typically in the range 
0.17- 0.28 W m-1 K-1 (Kuwagaki et al., 2003; Li et al., 2015; Py et al., 2002; Tamainot-Telto 
and Critoph, 2001; Wang et al., 2013; Wang et al., 2003). Kuwagaki et al. (2003) classified 
activated carbon as “a non-thermal conductive material”, and found that combining the 
activated carbon with a suitable additive can increase the conductivity. One of the most 
common approaches is to mix the adsorbent with graphite as a “host” material, sometimes 
using a chemical binder to improve interparticle contact. For instance, Py et al. (2002) 
studied how to improve the adsorbent performance for its use in a cooling system based on a 
cyclic adsorption-desorption process by adding to the granular activated carbon different 
amounts of graphite (between 20-30 % by weight) and found that the thermal conductivity 
of the material increased by up to twenty times. This composite is known as “consolidated 
expanded natural graphite” (CENG) (Py et al., 2002; Wang et al., 2013) and it is the 
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approach explored in this research. The activated carbon, AGT 702b, prepared by Chemviron 
Carbon Corporation and used in the HEU is prepared from combining activated carbon with 
binder and graphite in proportions which are of a proprietary nature. 
One of the preparation technique is to use the volatile organic materials, which are emitted 
during the activation and carbonization steps and which react with the surrounding hot 
atmosphere to form tars, as binders in the composite. During activation in the presence of 
CENG, lower temperatures or soaking times are required to reach the same burn off level3 as 
in conventional activation (Py et al., 2002) so that the energy and time required for activated 
carbon preparation are reduced. 
There are several other examples of expanded natural graphite hosting activated carbon. For 
instance, Wang et al. (2013) studied two different types of host for activated carbon: 
expanded natural graphite (ENG) and expanded natural graphite treated in an oven at 
600- 700 °C for 12- 15 minutes with acid to implant sulphuric acid into its crystalline 
structure (ENG-TA, marketed by Mersen as PapyexTM). Composite adsorbent with 67 % ENG 
and a density of 700- 720 kg m-3 had a thermal conductivity of 2.5 W m -1 K-1. However, the 
ENG-TA matrix, with a bulk density of 412 kg m-3, showed a much higher conductivity: 
17.6 W m -1 K-1. A problem with this formulation lies in the difference between the two types 
of materials, which leads to difficulties in the composite preparation. Menard et al. (2005) 
also tested a monolithic composite of activated carbon consolidated with a natural graphite 
matrix, and compared its properties with a conventional packed bed of a granulated activated 
carbon (TA70, Pica Co.). Composites containing 20 % expanded natural graphite (CENG) 
and 80 % activated carbon presented both very high effective thermal conductivity 
(1- 32 W m-1 K-1) and high external heat transfer coefficient (1000 W m-2 K-1). 
Py et al. (2002) also studied a CENG incorporating a powdered reactive salt. It showed a good 
permeability (between 0.03E-12 and 30E-12 m2), a high thermal conductivity (between 0.2 
and 40 W m-1 K-1) and a very high heat transfer coefficient (between 15 and 15000 W m-
2 K-1). The wide ranges reported for these properties depend on the type of activated carbon 
and proportion of graphite used. 
Given the uncertainties over the properties of the adsorbent plug in the HEU, an experimental 
investigation was undertaken of the specific material and HEU design. 
                                                 
3 Burn-off is “the difference between the mass before and after activation and is a function of the activation 
time” (Chang et al., 2000). 
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2.3.2 EXPERIMENTAL INVESTIGATION 
Experiments on a simulated self-chilling can have been carried out and the results have been 
utilized to calculate the thermal conductivity of the sorbent using a transient heat transfer 
model solved, using a Matlab R2015a program (MathWorks, 2015) ad hoc coded for this 
purpose. Two studies on a simulated self-chilling can have been carried out to determine the 
thermal dynamics of the system. 
The first involved transferring the HEU from ambient temperature to a water bath at 40 ˚C, 
without any introduction of adsorbate. This study enabled estimation of the thermal 
conductivity of the compacted AC. The second experiment involved measurement of the bed 
temperature profile during adsorption (pressurization) and desorption (depressurization) of 
carbon dioxide under adiabatic conditions. 
Further details of the apparatus and experimental procedures are given below. 
 EXPERIMENTAL APPARATUS DESCRIPTION 
The experiments were carried out in a specifically designed HEU self-chilling can simulator 
of 200 mL volume. The whole experimental apparatus has been built and set-up “ex novo” 
in a laboratory at the University of Surrey. A schematic diagram of the apparatus is given in 
Figure 2.18; see also the photograph in Figure 2.19. The body of the HEU is made of 
aluminium and is closed with a brass lid. A water bath was also part of the experimental 
apparatus. 
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Figure 2.18 Experimental apparatus. 
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Figure 2.19 Picture of the Self- chilling can simulator. 
The unit was packed with its maximum amount of adsorbent using an Instron testing solids 
compression machine to apply a force of 15 kN, equivalent to a compressive stress of 100 bar. 
The test procedure is described in Appendix 1. On the lid, there is a three way valve (V2) 
connected to the vacuum pump, used for regeneration of the adsorbent, and to another one 
(V1), which in turn is connected to a CO2 cylinder. Two pressure transducers (PT) were 
situated on the lid and connected to a data acquisition device (PicoLog1000), which in turn 
is connected to a computer. The data were acquired, analysed, displayed and stored using the 
LabVIEW software (Figure A.2.1, Appendix 2). 
Temperature was measured by means of thermocouples located at the centre of the bed, at 
three different radial positions, and on the external surface of the unit, as shown in Figure 
2.19 and Figure 2.20, and connected to another data acquisition device (Pico USB TC-08). 
This is in turn linked to the LabVIEW programme for data collection (Figure A.2.2, Appendix 
2). 
 
Figure 2.20 Position of the thermocouples inside the bed of activated carbon and on the external 
surface of the rig. 
In separate experiments, the thermocouples were relocated to enable axial temperature 
measurements (see Section 2.3.2.4). 
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To ensure the HEU simulator was clean and gas-free, before each experiment the bed was 
evacuated by leaving it overnight in the water bath at high temperature (40 - 45 ˚C) and 
connected to the vacuum pump. 
 ESTIMATION OF THERMAL CONDUCTIVITY 
In order to estimate the thermal conductivity of the activated carbon bed, experiments were 
carried out to measure the development of the temperature profiles when the bed was 
transferred from ambient conditions to a water bath at 40 ˚C, without introduction of CO2. 
The measurements were fitted to the results of the model of transient heat conduction in the 
bed, solved using Matlab R2015a, to infer the effective thermal conductivity. 
2.3.2.2.1 Procedure 
The temperature behaviour of the bed was measured at the four points indicated in Figure 
2.20: three in the bed (centre, internal wall and between these two positions) and one on the 
external surface. The rig was transferred from ambient conditions of temperature and 
pressure to a water bath previously heated to 40 ˚C. The experiment was carried out at 
atmospheric pressure. The increase of temperature and pressure were continuously recorded 
(every 0.45 s) by the LabVIEW program, until the bed reached a thermal equilibrium with 
the water bath, whose temperature was monitored by means of an additional thermocouple. 
An optimization program was then coded in order to obtain the value of  (thermal 
diffusivity 𝛼 =
𝑘
𝜌𝑐𝑝
) that best fits the experimental results with the transient heat transfer 
model. The optimization is based on the method of least squares4 (Miller, 2006). With this 
intent, the equations describing transient heat transfer have been developed (see Appendix 3), 
treating the activated carbon bed as an infinite cylinder, excluding the beverage and the 
metal layers and assuming heat transfer only in the radial direction: 
1
r
∂
∂r
(r
∂T
∂r
) =
1
α
∂T
∂t
 
Equation 6 
where T is the local temperature at radius r and time t and α  is the effective thermal 
diffusivity of the bed. The programme solves Equation 6 using the method of lines, whereby 
                                                 
4 The solution is obtained by finding the value of the thermal conductivity that minimizes the sum of the squares 
of the differences between the predicted and measured temperature values. 
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the space domain is discretised to generate a set of ordinary differential equations (ODEs) in 
time. Specifically, a central finite difference discretization method was used to generate: 
𝜕𝑇
𝜕𝑡
=
𝛼
𝑟𝑖
𝑟𝑖+𝑇(𝑖+1) − 2𝑟𝑖𝑇𝑖 + 𝑟𝑖−𝑇(𝑖−1)
ℎ2
 
Equation 7 
where h is the distance between grid points, which is related to the total radius divided by 
the number of grid points. 
At the initial condition (t=0), the temperature was uniform throughout the bed. The 
measured time profile of the temperature in the bed adjacent to the wall was used as the 
boundary condition at the wall. The set of ODEs was solved taking into account these initial 
and boundary conditions and using the ODE23 function of the Matlab code (Appendix 4); 
numerical convergence was achieved for 70 discretisation points. 
The program simulates the temperature profile at the centre of the bed (r=0). An 
optimization routine is then used to find the value of thermal conductivity ( that best fits 
the central temperature profile (Appendix 5). Once  is found, given  (density) and Cp 
(specific heat), i.e. the defined system parameters of the activated carbon, the value of 
thermal conductivity (k) can be determined (k=**Cp). 
2.3.2.2.2 Results and comparison with Matlab model 
Figure 2.21 shows experimental measurements of temperature at various positions in the 
HEU. As expected, the external wall temperature reached that of the surrounding water bath 
relatively quickly, whereas heating was slowest at the centre of the bed. 
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Figure 2.21 Temperature behaviour in the bed and on the external surface of the rig when the 
apparatus is put from ambient conditions to a water bath at 40˚C. 
Simulated temperature profiles within the bed, based on experimental measurements of bed 
temperature at the inner wall region, are shown in Figure 2.22. 
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Figure 2.22 Multilayer thermal CA cylinder fitting of experimental results. 
The program then develops a fitting between the predicted value, i.e. the polynomial of the 
internal wall position obtained from the experiments and implemented in the program (solid 
line in Figure 2.23 below). Consequently, the program searches the value of  that best fits 
the experimental data. As Figure 2.23 shows, the fit up to 200 seconds, the most critical time 
period in the test, is very good. 
 
Figure 2.23 Matlab optimization: the program (solid line) corresponds to model predictions using 
the value of  that best fits the experimental data (circles). 
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The best estimate for the effective thermal conductivity was obtained as 0.50 W m-1 K-1. As 
expected, this appears to be higher than that of a conventional activated carbon 
(0.17 - 0.28 W m-1 K-1) but lower than the range of an ENG (1 - 32 W m-1 K-1) (Kuwagaki 
et al., 2003; Py et al., 2002). Considering the typical range of thermal conductivity for an 
ENG, the value indicates that the amount of graphite within the AC is low, so that an 
increasing amount of graphite could further improve the thermal conductivity of the bed and 
consequently the cooling effect of the system during desorption. 
 ADSORPTION AND DESORPTION EXPERIMENTS UNDER ADIABATIC CONDITIONS 
In addition to the test described above, a further set of experiments was carried out to study 
the thermal behaviour of the HEU for carbon dioxide adsorption and desorption by 
investigating the transient temperature behaviour in the bed and its dependence on the CO2 
pressure. 
2.3.2.3.1 Procedure 
The rig, i.e. the HEU simulator, was put in a basket surrounded with polystyrene chips to 
minimise the heat transfer between it and the surroundings so as to approximate adiabatic 
conditions. The CO2 was introduced at different pressures (2, 4, 6 and 8 bar) until the bed 
reached thermal equilibrium. As in the experiments described in Section 2.3.2.2, the 
temperature was measured at four different points of the rig (Figure 2.20) and recorded 
every 0.45 seconds. The temperature of the gas in the entrance (and exit) pipe was also 
monitored at two different points: after the valve (“Gas 1”in Figure 2.24) and at the entrance 
of the rig (“Gas 2” in Figure 2.24). 
 
Figure 2.24 Point of gas entrance and exit measurement  
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Once equilibrium was reached, desorption through bed depressurisation was carried out and 
the temperature was again recorded at the six points as the gas was evacuated from the bed 
and was stopped when the temperature reached equilibrium. A vacuum pump was used as 
pressure reducer in order to ensure the repetitiveness of the system and to keep the gas flow 
rate constant during desorption. It is important to clarify that this methodology does not 
reflect the real case of depressurization of the carbon dioxide from the HEU: these 
experiments were designed as a first investigation into the thermal behaviour of the system. 
The HEU was subsequently simulated more realistically by simply opening the exit valve and 
releasing the gas to the atmosphere, as reported later in this section (2.3.2.5) and in the 
experiments described in Chapter 4. 
2.3.2.3.2 Results 
The time profiles of temperature measured at the four points in the bed are shown in Figure 
2.25 and 2.26 during adsorption and desorption of the gas at four different pressures. For 
each experiment, the final temperatures within the HEU differed by only one degree, 
confirming that the system was well insulated, approximating closely to adiabatic conditions, 
and had reached steady state. 
The graphs show the evident difference of temperature between the three positions in the 
bed and on the external surface. The high temperature difference between the centre of the 
bed ("Central") and the internal wall is clear; the difference increases with increasing 
pressure. This is highlighted in Figure 2.27: the least temperature difference is about 23 °C 
at 2 bar initial bed pressure, and increases up to 35 ˚C at 8 bar. 
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Figure 2.25 CO2 Adsorption at 2, 4, 6 and 8 bar and under adiabatic conditions on AGT 702b. 
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Figure 2.26 CO2 Desorption at 2, 4, 6 and 8 bar and under adiabatic conditions on AGT 702b. 
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Figure 2.27 Comparison between temperature in central position and on the inner wall the rig 
under the four different desorption conditions (2, 4, 6, 8 bar). 
Other noteworthy points are: 
• the times taken for the gas to adsorb onto and desorb from the activated carbon are 
different: adsorption is faster, but this is probably because the vacuum pump limits 
the rate of desorption; 
• the times taken for the gas to adsorb and desorb also differ between the different 
positions in the bed: at the halfway and internal wall positions, it is much quicker 
than on the axis of the bed. The difference arises from the limited thermal 
conductivity of the bed; 
• the temperature at the centre of the HEU is significantly higher (adsorption) or lower 
(desorption) than at the halfway point or the internal wall. 
In reference to the final condition when the bed temperature has stabilized, the experimental 
cooling provided by the HEU can be calculated from Equation 8: 
𝑄𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 = 𝑚𝑤𝑎𝑙𝑙𝐶𝑝𝑤𝑎𝑙𝑙∆𝑇 + 𝑚𝐴𝐷𝑆𝐶𝑝𝐴𝐷𝑆 ∆𝑇 
Equation 8 
where mADS is the mass of adsorbent packed in the bed (0.1 kg), ∆T is the difference between 
the initial (i.e. ambient) and final (i.e. at the end of the experiment) temperature of the 
external wall measured experimentally, mwall is the mass of aluminium constituting the HEU 
simulator (0.6 kg), Cpwall is the specific heat of aluminium (0.91 kJ kg-1 K-1), CpADS is the 
specific heat of activated carbon (1.34 kJ kg-1 K-1) (Jribi et al., 2008). This assumes no heat 
losses from the system (adiabatic conditions), and a negligible thermal mass associated with 
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the CO2 gas. Table 2.1 shows the cooling obtained by solving Equation 8 for the obtained 
from the experiments. 
P 
[bar] 
∆TExperimental 
[K] 
QExperimental 
[kJ] 
2 8.60 5.90 
4 10.70 7.30 
6 12.40 8.40 
8 13.80 9.40 
Table 2.1 Experimental cooling at different pressures. 
 INVESTIGATION OF AXIAL POSITION 
In the experiments described so far, only heat flow in the radial direction was considered. In 
this section, in order to check the validity of this assumption, additional investigations have 
been carried out. With the same procedure described in Section 2.3.2.3, and by moving the 
thermocouples to the top and then to the bottom of the height of the rig (see Figure 2.28), the 
axial temperature profile has been investigated for the same four pressures. 
 
Figure 2.28 Schematic of the axial thermocouple position. 
Figure 2.29 and Figure 2.30 report temperatures at the three radial positions during 
adsorption at the top and bottom of the bed, respectively. All measurements refer to a feed 
pressure of 6 bar. 
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Figure 2.29 Adsorption in TOP axial position at 6 bar and under adiabatic conditions. 
 
Figure 2.30 Adsorption in BOTTOM axial position at 6 bar and under adiabatic conditions. 
The data show a large temperature difference between the two axial positions. After 
60 seconds, the temperature at the TOP-central position reaches its highest level of about 
50 ˚C whereas the BOTTOM-central is at 66 ˚C. The temperature difference between the 
central and internal wall thermocouples is also significantly different between the two 
positions: about 15 ˚C at the top and double that (30 ˚C) at the bottom. 
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Noteworthy differences are also reported in Figure 2.31 and Figure 2.32 for the desorption 
process where after 120 seconds the thermocouple in the centre reaches its lowest 
temperature, dropping to -15 ˚C and the BOTTOM-central one to approximately 3 ˚C. On 
the contrary, the temperature difference between the two same thermocouples (central and 
internal wall) at the top is double that between those at the bottom. 
 
Figure 2.31 Desorption in TOP axial position at 6 bar and under adiabatic conditions. 
 
Figure 2.32 Desorption in BOTTOM axial position at 6 bar and under adiabatic conditions. 
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In Figure 2.33, the temperatures at the central position and on the external surface of the rig 
-at all axial positions are compared. This graph confirms that, even though there is axial heat 
flow with large axial temperature gradients, this has no effect on the external surface of the 
rig. The influence of the walls is most significant at the bottom of the bed during cooling, 
because of its proximity to the bottom of the vessel which acts as a heat reservoir. On the 
other hand, the top position is closer to the exit of the gas, therefore experiences lower gas 
temperatures. This is the rationale for using the centre-plane of the bed for effective thermal 
conductivity measurement. 
 
Figure 2.33 Comparison under 6 bar between temperature in central position and on the surface of 
the rig in the three different axial positions. 
 INVESTIGATION INTO THE EFFECT OF DEPRESSURIZING MODE 
The desorption experiments presented in the previous sections were carried out using a 
vacuum pump to remove the carbon dioxide, which is a condition that differs from 
desorption in the HEUs of the self-chilling cans. Further experiments were therefore carried 
out in which the system was depressurized simply by opening the exit gas valve to vent the 
gas to atmosphere. The difference between results for the two cases is reported in Figure 2.34 
for the case at 6 bar, with the temperature changes summarised in Table 2.2 together with 
the cooling effect calculated from Equation 8. Desorption without the vacuum pump is 
almost instantaneous, whereas it is gradual with the vacuum pump, but the obtained 
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temperature changes the initial (i.e. at the beginning of the experiment) and final (i.e. at the 
end of the experiment) temperature of the external wall is lower (~7.5 K instead of 12.40 K 
with the vacuum pump; see Table 2.2). This result is as expected because a vacuum leads to 
more desorption. 
Depressurization 
∆TExperimental 
[K] 
QExperimental 
[kJ] 
Operating 
pressure 
[bar] 
NO Vacuum 7.50 5.10 6 
Vacuum 12.40 8.40 6 
Table 2.2 Difference in ∆T and Q between depressurization with and without vacuum pump. 
 
Figure 2.34 Difference between the desorption process at 6 bar without (a) and with vacuum pump 
(b). 
An extra check on the influence of insulation was also explored. As reported in Section 
2.3.2.3.1, in the base case the rig was placed in a basket surrounded by polystyrene chips. It 
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has been demonstrated (see Section 2.3.2.3.2) that this technique was effective because, at 
the end of the experiment, the temperature difference between all points within the bed was 
less than 1 °C. However, another type of insulation was utilized by wrapping the HEU 
simulator in fiberglass blanket. The results from comparable experiments with the two 
insulation systems are reported in Figure 2.35. 
 
Figure 2.35 Desorption at 6 bar with different insulations: polystyrene (a, base case) and fiberglass 
(b). 
The graphs show some limited differences in the temperature profiles. Nevertheless, the 
temperature drop of the external wall is in both cases approximately the same. It can be 
concluded that it is unlikely that insulation could have affected the final result of the 
experiments. 
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 FURTHER INVESTIGATIONS INTO DESIGN AND OPERATING CONDITIONS 
Table 2.3 reports the cooling efficiency, defined as the ratio between the cooling 
experimentally obtained (without vacuum pump) and the cooling expected, based on 
Equation 9 which expresses the cooling dependence (QExpected) on the amount of carbon 
dioxide desorbed (q), as calculated with the isotherms and the heat of adsorption 
(HADSreported in the Section 2.2.3.2. 
𝑄𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 =  𝑚𝐴𝐷𝑆∆𝐻𝐴𝐷𝑆∆𝑞 
Equation 9 
The high value of 83 % shows that the results from the experiments are close to the 
thermodynamic maximum cooling expected. 
Pressure = 6 bar 
QExperiment 
[kJ] 
QExpected 
[kJ]

[-] 
5.10 6.13 83 % 
Table 2.3 Cooling efficiency at 6 bar. 
With reference to the effect of the operating pressure, it is fundamental to evaluate if the 
desired beverage cooling of 15 K from ambient temperature can be obtained with the amount 
of activated carbon currently used in the HEU (110 g) and its current design. The necessary 
cooling duty is equal to 22 kJ, as calculated by Equation 10, where it is assumed that the 
whole self-chilling system (aluminium (Al), adsorbent (ADS), steel, beverage and carbon 
dioxide (CO2)) is cooled by 15 K (T) and the beverage is simulated as water. 
𝑄𝐷𝑢𝑡𝑦 = (𝑚𝑏𝑒𝑣𝑒𝑟𝑎𝑔𝑒𝐶𝑝𝑏𝑒𝑣𝑒𝑟𝑎𝑔𝑒 + 𝑚𝐴𝐷𝑆𝐶𝑝𝐴𝐷𝑆 + 𝑚𝐴𝑙𝐶𝑝𝐴𝑙 + 𝑚𝑆𝑡𝑒𝑒𝑙𝐶𝑝𝑆𝑡𝑒𝑒𝑙 + 𝑚𝐶𝑂2𝐶𝑝𝐶𝑂2) ∗ ∆𝑇 
Equation 10 
The minimum theoretical operating pressure that would ensure the desired cooling effect is 
reported in Table 2.4: the current design of the HEU could provide the cooling duty under 
an operating pressure of about 23 bar. This value is only slightly above the range 15-20 bar 
suggested for the can (Sillince, 2012). 
Imposing Q = 22 kJ 
P 
[bar] 
mCO2  
[g] 
mADS 
[kg] 

[K]
23 48 0.11 15 
Table 2.4 Theoretical P at given cooling duty. 
Figure 2.36 provides further information about the variation of the cooling effect with the 
pressure. The results confirm that, keeping the amount of activated carbon in the HEU 
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constant, an increase of operating pressure leads to an increase of the amount of carbon 
dioxide adsorbed (and desorbed) and consequently to a better cooling effect. 
 
Figure 2.36 Variation of cooling obtainable under different value of operating pressure, as estimated 
by Equation 10. 
With reference to the effect of the amount of adsorbent, the minimum mass of adsorbent 
required to reach the temperature difference of 15 K has been estimated, keeping the current 
HEU geometry and the experimental operating pressure of 6 bar. 
Table 2.5 shows that the minimum mass of adsorbent, calculated with Equation 9 by 
imposing the cooling duty of 22 kJ, is estimated as ~ 350 g; i.e. more than three times the 
mass contained in the current designed HEU. It is evident that such a large amount cannot 
be packed in the current HEU volume, so that an operating pressure of 6 bar would require 
a completely different design of HEU. 
Imposing T =15 K 
mADS [kg] q [mol kg-1] QDuty [kJ] 
0.35 3.07 22 
Table 2.5 Minimum mass of adsorbent necessary to obtain the desirable T, at an operating 
pressure of 6 bar. 
2.4 MAIN FINDINGS AND CONCLUSIONS 
The “duet” activated carbon-carbon dioxide appears to be the best combination for cooling 
systems based on adsorption-desorption processes (Kuwagaki et al., 2003): the adsorbent 
structure fits the carbon dioxide molecule particularly well and is generally preferred due to 
its wide availability, low cost, ease of regeneration, lower sensitivity to moisture and larger 
capacities at high pressure. These characteristics suggest activated carbons as the most 
suitable material for application in self-chilling drink cans. In addition, there is potential for 
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moisture to be present in the HEU, particularly if it is re-used; the resistance of the activated 
carbon to contamination with water indicates it as a superior material in all respects for the 
application of interest here. 
The activated carbon selected for this research is the AGT 702b provided by Chemviron 
Carbon. It is a granulated type and contains a proportion of graphite to improve the thermal 
conductivity of the adsorbent. Its properties have been evaluated and an experimental 
programme has been undertaken to evaluate its thermal conductivity in the HEU. The 
experiments were designed to evaluate the effective thermal conductivity of the material in 
the HEU, using a mathematical model specifically implemented for this purpose. The model 
assumes that the HEU forms a long cylinder so that only the radial temperature profile is 
considered, and its validity has been proved by investigating the temperature profile at 
different axial positions in the bed of activated carbon particles. The results showed that the 
axial temperature gradient does not have any effect on the external surface of the rig, 
confirming the assumption made. 
The key aspects revealed are the significant temperature difference between different radial 
positions in the bed and the external surface, in particular during the desorption process, 
and, above all, the insufficiently low cooling effect measured during the experiments that 
simulated the real working conditions of the self-chilling can. 
Possible reasons could be the low thermal conductivity of the activated carbon, because the 
obtained value of 0.5 W m-1 K-1 is higher than that of a conventional activated carbon 
(0.17 - 0.28 W m-1 K-1), but is still lower than the conventional ENG range reported in other 
studies (1 - 32 W m-1 K-1) (Kuwagaki et al., 2003; Py et al., 2002). Furthermore, higher 
compaction of activated carbon in the HEU could enhance the heat transfer but it could also 
increase the resistance to mass transfer and consequently reduce the adsorption capacity. 
However, it has been estimated that the required cooling duty of 22 kJ can be provided by 
using an operating pressure of about 23 bar, which is only slightly above the range 
15 - 20 bar originally suggested for the can. The adoption of an activated carbon having a 
higher content of graphite or a different design of the heat exchange unit, could increase the 
thermal conductivity and so the rate of cooling and efficiency of the heat transfer. The 
different amount of the components could instead avoid the utilisation of such high values 
of operating pressure. These possibilities are explored in Chapter 4. 
The reported results could affect the environmental performance of the system under analysis, 
as will be shown with the LCA described and discussed in the next chapter. The HEU design 
modifications could imply variation in the shape and material composition of the can: the 
whole Chill on demand system would be modelled with different proportions of the different 
materials and the final results could be different (see Chapter 4 and 6). 
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3 SELF-CHILLING SYSTEM ENVIRONMENTAL PERFORMANCE: 
SUSTAINABLE IMPLICATIONS OF TECHNOLOGY 
The environmental impacts of the self-chilling system have been evaluated by analysing the 
different life cycle stages of the whole system including the manufacturing of all parts of the 
beverage container (activated carbon, aluminium, steel), the utilization of industrial waste 
gas (CO2), the delivery and use system, the recovery of the used can, and the management of 
the waste by reuse, recycling and landfilling. 
Particular attention has been paid to the production process of the activated carbon from 
coconut shells, which is found to be the stage with the largest environmental impacts. This 
suggests that the reusability of the activated carbon and what happens to the organic material 
if it is not used as activated carbon can strongly affect not only the characteristics of specific 
activated carbons (Chemviron, 2015a) but also the environmental impacts of their supply 
chains. The contributions of aluminium and steel components were investigated by 
quantifying and assessing the environmental burdens associated with production of virgin 
and recycled materials. 
A sensitivity analysis explored alternative scenarios for activated carbon production and for 
reuse or recycling of the post-use can components. The results have also been compared with 
impacts that result from a conventional beverage can refrigerated in a single door 
refrigerator and a large open-front cooler. Two key aspects can be highlighted: the 
importance of using activated carbon derived from biomass and produced in efficient process 
units utilizing low-carbon electric energy, equipped with devices for energy recovery from 
waste streams and appropriate air pollution control; and the crucial roles of recovery, re-use 
and recycling of the cans after use. 
3.1 THE ENVIRONMENTAL ASSESSMENT TOOL OF LCA 
Life Cycle Thinking is a construct that ensures all stages of the life cycle of a product (good 
or service), from raw material extraction and product manufacturing to use, re-utilization, 
recycling and final disposal, are considered in decision making. One of the most important 
advantages of this approach is that it avoids the "shifting of burdens", i.e. it ensures that the 
resolution of one problem does not create another problem by merely transferring resource 
uses and/or environmental impacts to other parts (i.e. processes or stages) of the supply chain 
(EC-JRC, 2011). 
This approach is the basis of a structured and comprehensive environmental tool called Life 
Cycle Assessment (LCA). It is a complex process aimed at quantifying all the interactions 
between the life cycle of a product and the environment, in terms of inputs of energy and 
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natural resources and of outputs of wastes and emissions to the different environmental 
compartments (air, water, and soil). 
Figure 3.1 shows schematically the basic approach of LCA and the differences with the 
conventional, process-based approach to environmental management and regulation. The 
system 1 shown in Figure 3.1 analyses and quantifies the flows of materials, energy and 
emissions into and out of an industrial process and is focused on the actions that could 
minimize the environmental impacts of the industrial plant. It is also known as Integrated 
Pollution Control (IPC) because it integrates the impacts across the different receiving media 
but does not consider energy and material inputs nor the other processes in the overall supply 
chain. It is the approach typically adopted in Environmental Impact Assessment (EIA). On the 
other hand, LCA does not concentrate on a specific process or activity, i.e. on a single life 
cycle stage, but considers the whole life cycle of the system under study. It refers to boundary 
2 in Figure 3.1, i.e. to mass and energy flows associated with the whole supply chain (raw 
material extraction, manufacture, distribution, use and waste management). 
 
Figure 3.1 The different boundaries of Life Cycle Assessment and Integrated Pollution Control 
approaches (Clift, 2012). 
Once identified and quantified, material and energy flows are aggregated to obtain the 
environmental impact indicators that represent the results of a LCA. This is done by compiling 
an “inventory analysis” where all relevant inputs and outputs of the system are taken into 
account, evaluating the impacts of these inputs and outputs (impact assessment) and 
interpreting the results (interpretation) related to the goal and scope defined at the beginning 
of the study (ISO-14040, 2006; ISO-14044, 2006). In this first phase the functional unit is 
defined. This is the common base for the comparison between different alternatives, a unit of 
measure to which every quantified mass and energy flow of the system is related. The main 
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steps of an LCA are shown schematically in Figure 3.2 and presented with more detail in the 
following sections. 
 
Figure 3.2 General framework of LCA according to ISO 14040. 
Two general types of LCA have been recognised: attributional and consequential. The former 
is also called “accounting” and describes “an existing system providing a product or service” 
(Clift et al., 2009) without considering any consequences on the background system. On the 
contrary, consequential (or “change oriented”) LCA “explores the results of changes of the 
system”(Clift et al., 2009), taking also into account the consequent effects on the background 
system (Gala et al., 2015). The appropriate approach must be selected at the outset. Selection 
of the appropriate approach for this work is explained in Section 3.2. 
3.1.1 GOAL AND SCOPE DEFINITION 
Following selection of an attributional or consequential approach, the next step in an LCA is 
defining the goal of the study, i.e. the intended applications of the analysis, the reasons for 
doing the LCA and the intended audience; in other words, the definition of the decision 
process for which the LCA will provide scientific support (Hauschild and Barlaz, 2011). 
The relevant international standard (ISO-14040, 2006) recommends that the scope 
definition must address the following issues: 
 the product system to be studied or, in the case of comparative studies, the systems; 
the functional unit, i.e. the measurable amount of product on which the input and 
output data are based; 
 the system boundaries and the exchanges crossing them, i.e. the extent of the system 
covered by the LCA (what should be included and what should be excluded in the 
data collection stage). Sometimes LCAs do not encompass the entire life cycle from 
Chapter 3. - Self-Chilling System Environmental Performance: Sustainable Implications Of Technology  
58 
“cradle-to-grave.” For example, in many LCAs of agricultural products the 
boundaries do not extend beyond the farm gate and can be better called “from cradle-
to-gate” (Alade et al., 2012; Arena et al., 2016; Hjaila et al., 2013) (Figure 3.3). 
 
Figure 3.3 Cradle to grave, cradle to gate and gate to gate data sets as parts of an LCA 
(EeBGuide, 2012). 
 the time scale covered by the study; 
 the allocation procedures; which are necessary when the system produces more than 
one product or processes more than one feedstock. There are three different situations 
where inputs and outputs must be allocated (Baumann and Tillman, 2004; Consoli, 
1993; Cowell et al., 2012): 
 Co-Production, where there is a partitioning problem between two or more 
products (see Figure 3.4). Examples include production of different chemicals 
from a hydrocarbon feedstock. 
 
Figure 3.4 Co-production allocation (Cowell et al., 2012). 
 Waste Treatment, where the partitioning problem is between two or more waste 
streams (see Figure 3.5). 
 
Figure 3.5 Waste treatment allocation (Cowell et al., 2012). 
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 Recycling, where an output of a system becomes the input to another one. In this 
case, the recycled product can be subjected to closed-loop recycling, i.e. returned 
into the same system from which was produced, or can be treated by open-loop 
recycling as input to a different system. The latter presents an allocation problem 
because the product becomes an input to another system producing different 
products (Figure 3.6). 
 
Figure 3.6 Recycling allocation (Cowell et al., 2012). 
 the impact categories selected and methodology of impact assessment (global, 
regional and local impacts; consumption of non-renewable and renewable 
resources); the data requirements; and the type of critical review, if any (Hauschild 
and Barlaz, 2011). 
During this phase it is also necessary to distinguish between Foreground System, which 
represents the processes directly connected with the study and then affected by its results, 
and Background System, which consists of all other processes, which interact with the 
Foreground, by exchanging materials and energy (Figure 3.7). The environmental burdens 
arising from the foreground system are called Direct Burdens; those coming from the 
background system, Indirect Burdens. The Avoided Burdens are those that can be subtracted 
from the direct and indirect burdens because they are connected to products obtained by the 
system under analysis that no longer need to be generated by the traditional procedures (Clift, 
2012; Clift et al., 2000). 
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Figure 3.7 Foreground and Background systems for waste management (Clift et al., 2000). 
3.1.2 INVENTORY ANALYSIS 
During the inventory analysis, material and energy flows across the system boundary are 
identified and quantified. This stage is time-consuming as well as high cost, since exhaustive 
and high-quality data are required. This is one contributing factor in determining the 
distinction between Foreground and Background introduced above: the LCI for the 
foreground is usually based on primary data, i.e. direct measurement collected in the field, 
while it is generally considered adequate for the background system to utilize average data, 
from databanks. Generally, at this stage, an LCA software package, including an inventory 
database and calculation facilities, is utilised. 
3.1.3 LIFE CYCLE IMPACT ASSESSMENT 
In the Life Cycle Impact Assessment (LCIA) stage, the environmental burdens quantified in 
the Life Cycle Inventory are translated into contributions to relevant environmental impacts. 
The ISO 14040 and 14044 standards indicate that LCIA includes more steps, shown in Figure 
3.8. 
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Figure 3.8 Steps of LCIA. 
The first three of these steps are mandatory and the others are optional (Clift, 2012; 
Hauschild and Barlaz, 2011): 
1) Selection of impact categories, category indicators and category models: aggregation 
of inventory results into a smaller set of environmental impact categories, based on 
the potential impact of the burdens on human and environment. In Table 3.1 the key 
environmental categories used in LCIA are reported with their essential description 
and geographical scale. 
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 Impact category Scale Description 
Resources 
Abiotic Depletion 
Potential (ADP) 
Global 
Extraction of non-
renewable raw 
materials such as 
ores. 
Emissions 
Global Warming 
Potential (GWP) 
Global 
Contribution to 
atmospheric 
absorption of 
infrared radiation 
leading to increase in 
global temperature. 
Ozone Depletion 
Potential (ODP) 
Contribution to 
depletion of 
stratospheric ozone, 
leading to increase in 
ultraviolet radiation 
reaching earth’s 
surface. 
Acidification 
Potential (AP) 
Regional 
Local 
Contribution to acid 
deposition onto soil 
and into water. 
Photochemical 
Oxidant Formation 
(POCP) 
Contribution to 
formation of 
tropospheric ozone 
within 
photochemical smog. 
Toxicity Potential 
(human, HTP; 
aquatic, FAETP; 
terrestrial, TETP) 
Contribution to 
human (respectively 
flora, fauna) health 
problems through 
exposure to toxic 
substances via air, 
water, soil. 
Eutrophication 
Potential (EP) 
Contribution to 
reduction of oxygen 
concentration in 
water (or soil) 
through proving 
nutrients which 
increase production 
of biomass. 
Table 3.1 Impact categories description and classification (Clift, 2001). 
Some burdens contribute to several impact categories and must be included in the 
assessment of each relevant category. Each category is quantified using category 
indicators which can be chosen in the cause-effect – chain (Figure 3.9), where three 
points are distinguished: Environmental Interventions, i.e. initial points of the chain 
such as chemical emissions; Midpoint Categories, which are intermediate points in 
the cause-effect chain between elementary flows and damages caused at which 
characterization factors can be calculated to describe the relative importance of an 
intervention; Endpoint Categories, which are at the end of the cause-effect chains and 
are the direct damage to society or ecosystem (Bare et al., 2000; Cowell et al., 2012). 
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Figure 3.9 Connection between LCI and LCIA based on (Jolliet et al., 2003). 
2) Assignment of LCI results to the selected impact categories (classification): assignment 
of LCI results that are exclusive to one impact category; identification of LCI results 
that relate to more than one impact category, as shown in Figure 3.10. 
3) Calculation of category indicator results (characterisation): aggregation of all the 
effects in a specific impact category to evaluate a single score for each of the defined 
impact categories. In this step, it is necessary to utilize characterisation (or 
equivalency) factors, which have been derived scientifically and may further change 
in the future as scientific understanding progresses (see Figure 3.10). 
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Figure 3.10 Classification and Characterisation factors (Sadhukhan, 2013). 
4) Normalisation (optional): calculation of the magnitude of category indicators results 
as a fraction of the impacts of all human activities globally or in some geographical 
or economic area; 
5) Weighting (optional): a stage based not on scientific considerations but on political, 
social or sometimes ethical values. In this stage, a grouping or a quantitative 
weighting can be performed taking into account the perceived importance of the 
different impact categories. 
There are different approaches developed for the LCIA: 
 CML2001 developed at the University of Leiden and EDIP97 developed in Denmark 
by a team composed by members of academia, industry and government. In these 
methodologies, the analysis is limited to the midpoint categories in the cause-effect-
chain. They are very similar but the EDIP97 uses simpler toxicity assessment methods 
and separates solid waste into four types: bulk waste, hazardous waste, radioactive 
waste and incineration waste; 
 ReCiPe and Eco-indicator 99: where the attention is focused on the damage categories, 
so it is end-point oriented. It models the entire cause-effect chain; 
 Impact 2002+: where results from both midpoints and endpoints are reported. 
The choice of the approach is subjective and there are negative and positive aspects for each 
of them. The most common debate in LCA is in the specific choice between midpoints and 
endpoints and the different ways in which the environmental relevance of category 
indicators is taken into account. This was also the focus of the “Third International workshop 
on LCA” in 2000 (Bare et al., 2000). The midpoint categories are considered to reflect the 
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relative importance of emission or extraction in a LCI. The environmental relevance is 
expressed accurately and is more transparent. The endpoint approaches use indicators at an 
end point level and are considered more understandable for decision makers but not 
transparent. 
3.1.4 INTERPRETATION 
In this stage, the data collected and evaluated during an LCA study are reduced to a number 
of key issues, which can be useful in the related decision-making process. It is important that 
this process provides an adequate representation of all the previous LCA stages. The ISO 
14044 (ISO-14044, 2006) standard indicates three main steps of this stage, shown 
schematically in Figure 3.11: identification of the significant issues from the LCI and LCIA 
stages; evaluation (completeness, sensitivity and consistency checks); and conclusions, 
limitations and reporting. 
 
Figure 3.11 Three main steps of the Interpretation phase. 
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3.2 LCA OF THE SELF-CHILLING BEVERAGE CAN 
This research utilizes an LCA to evaluate the potential environmental impacts of the overall 
self-chilling beverage can system, to quantify the contributions from all its stages and to 
identify the processes that raise disproportionate environmental impacts. This evaluation is 
mainly for industrial interest related to the product design, its manufacturing and eventually 
its launch in the market. The optimization of the supply system is oriented towards a "closed-
loop" use of the heat exchange units. As shown in Figure 3.12, the system is assumed to be 
able to recover a large proportion (70%) of the cans after use, to separate the outer steel can 
from the inner aluminium HEU, and to send both to product re-use and/or material recycling. 
 
Figure 3.12 Flow-sheet of the self-chilling beverage can system. 
The LCA was carried out according to the ISO standards (2006). The functional unit is the 
delivery of one unit of 300 mL of chilled beverage. The system boundaries include the 
production, use, and end-of-life phases of the self-chilling can, assuming in the base case 
that the AC is produced in Indonesia and the HEUs and cans are manufactured and filled in 
California (USA). Since the purpose of the study is to evaluate the potential environmental 
impacts of the overall self-chilling beverage can system, to evaluate if the product could be 
of industrial interest, and to then compare self-chilling against conventional cans, an 
attributional approach has been adopted (Brander et al., 2009; Clift et al., 2009; Finnveden 
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et al., 2009; Kua and Kamath, 2014; Thomassen et al., 2008). A consequential approach 
would have been too speculative to be meaningful and will be appropriate for a follow up 
study only if the technology does prove to be successful, with widespread use. The life cycle 
environmental impacts were assessed using the CML-2001 methodology developed at the 
University of Leiden (Guinée et al., 2002). This approach has been chosen because results in 
terms of midpoint categories have been considered more accurate and transparent for a 
qualitative comprehensiveness of the study. The following midpoint impact categories were 
taken into account: Abiotic Depletion, Acidification, Eutrophication, Freshwater Aquatic 
Ecotoxicity, Terrestrial Ecotoxicity, Human Toxicity, Global Warming, Ozone Layer 
Depletion and Photochemical Ozone Creation. In accordance with the ISO standard 14044 
(2006), a normalization process (with the set of CML normalization factors) has been used 
to identify the impact categories most significant for the system under analysis. These are 
expressed in terms of person equivalent units, where one-person equivalent represents the 
global average impact in the specific category associated with one person during one year. 
The software GaBi 6.0 (Thinkstep, 2015) was used to model the system. 
3.2.1 LIFE CYCLE INVENTORY 
The principal components of the self-chilling can are listed in Table 3.2, along with the other 
key inputs to the inventory analysis. 
Due to the lack of a comprehensive assessment of the environmental impacts of the activated 
carbon manufacturing process, a separate and detailed analysis to evaluate these impacts has 
been developed, and reported in Section 3.4, with reference to activated carbon produced 
from coconut shells in Indonesia (a major source for coconut shells), and then transported to 
California. The energy for loading and compressing the activated carbon in the HEU is also 
taken into account. 
Following common practice in the carbonated beverage industry, the carbon dioxide in the 
HEU is recovered from a waste stream from other industrial processes, in this case from the 
vent gases from an ammonia plant (Despeisse et al., 2012; Leigh and Li, 2015). Since the gas 
is ultimately emitted to the atmosphere whether or not it is used for chilling, it is not included 
in the comparison. However, the additional processes to recover this carbon dioxide, 
compress it into cylinders and supply it to the chill cans have been evaluated. The associated 
GHG emissions are of the same order of magnitude as those associated with producing CO2 
from fossil fuel (Rice, 1997).The beverage itself is not included because it is present in both 
the self-chilling can and in the conventional can. The analysis allows for the larger quantities 
of metals used in the self-chilling can. Minor materials – primarily plastic components – 
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contribute much less to the life cycle environmental impacts and have therefore been omitted 
from this study (Rice, 1998). 
Transport of the complete self-chilling beverage can has been included, assuming that diesel 
trucks of the “Euro 4” type, with payload capacity 27 tonnes, are used to transport both filled 
and post-use cans, and make the return journey empty (see calculation in detail in Appendix 
6). 
Direct burdens, for 300 mL of beverage  
Overall Volume, mL 510 
Carbon Dioxide, kg 0.055 
Steel (tinplate), kg 0.029 
Aluminium, kg 0.039 
Activated Carbon, kg 0.110 
Virgin Aluminium, kg 0.0103 
Recycled Aluminium, kg 0.0095 
Virgin Steel (tinplate), kg 0.0180 
Recycled Steel (tinplate), kg 0.0120 
Energy for CO2 processing, MJ 0.0613 
Energy for CO2 pressurization in HEU, MJ ~0 
Energy for AC pressurization in HEU, MJ 0.0864 
Energy for AC regeneration, MJ 83.2 
Energy for can chilling, kJ 0 
Transport (Return journey to store, 30 km), kgCO2eq 1.54E-08 
Table 3.2 Input to inventory analysis for the Self- chilling can (excepting plastic components). 
Re-use of recovered HEUs is a closed-loop system (see Figure 3.12). However, the metals 
themselves are not necessarily used in a closed loop system, so that the proportions of recycled 
metal used and recovered for post-use recycling are not necessarily the same, and must 
therefore be specified separately. Primary metal production is not located in California: the 
materials are imported from the global market For the purpose of this assessment, European 
production standards have been assumed. Transport to California will be by bulk marine 
carrier, and the impacts are negligible for such compact loads. The following assumptions 
have been made, as summarized in Table 3.3: 
 The tinplate for the external beverage can is made up of 60 % virgin and 40 % recycled 
material, according to information published by the World Steel Association (WSA, 2011); 
 The aluminium for the HEU comprises 52 % virgin material and 48 % recycled material, 
according to the European Aluminium Association (EAA, 2013); 
 Recovery and re-use are assumed to follow current European patterns: 70 % are recovered 
post-use with the remaining 30 % lost to landfill; 
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 In the absence of any empirical evidence, it is assumed for the purposes of this assessment 
that 70 % of the HEUs recovered can be reused by recharging the activated carbon with 
carbon dioxide; 
 For the remaining 30 % of the recovered HEUs, the activated carbon is regenerated in an 
energy efficient furnace (MinfurnTM), with an energy consumption estimated to be 
1 kWh kg-1 (Mintek, 2014). The aluminium in these HEUs is reprocessed. 
Material Quantities Base Case 
Pre-use fraction of recycled steel, - 0.4 
Pre-use fraction of virgin steel, - 0.6 
Post-use fraction of steel recovered, - 0.7 
Post-use fraction of steel to landfill, - 0.3 
Pre-use fraction of recycled aluminium, - 0.48 
Pre-use fraction of virgin aluminium, - 0.52 
Post-use fraction of HEUs recovered, - 0.7 
Post-use fraction of HEUs to landfill, - 0.3 
Fraction of recovered aluminium reused, - 0.7 
Fraction of recovered aluminium recycled, - 0.3 
Fraction of recovered carbon re-used, - 0.7 
Table 3.3 Main assumptions for the Base case. 
The direct and avoided environmental burdens have been estimated for each stage of the self-
chilling beverage can system, with reference to the virgin and/or recycled materials, using 
the values in Table 3.2 and Table 3.3; details are given in Appendix 7, Table A.7.1. It is 
important to note that avoided impacts related to the recycling of steel and aluminium have 
been evaluated developing a specific LCA (Appendix 8), and the obtained conclusion is in 
agreement with a recently proposed method (Gala et al., 2015), already used in carbon 
footprinting (Clift et al., 2009): the impacts of reprocessing are allocated to the next use while, 
to estimate the avoided burdens, recycled materials are assumed to replace not virgin material 
but the average mix of virgin and recycled material actually used in the market. 
3.2.2 LIFE CYCLE IMPACT ASSESSMENT 
The positive and negative contributions from all the stages of the self-chilling beverage can 
system have been identified and quantified in terms of the selected impact categories; results 
are reported in Figure 3.13 and Table 3.4. The dominant role of the AC production is evident; 
the specific study on the AC production process, detailed in Section 3.4, highlights the 
substantial contributions of the crushing and tumbling operations (where the coconut, or the 
produced activated carbon, are crushed to obtain powdered or granulated material) and of 
Chapter 3. - Self-Chilling System Environmental Performance: Sustainable Implications Of Technology  
70 
heat recovery and steam generation. Their contribution to the overall impact is mostly related 
to the associated consumption of electrical energy, which in the Indonesian energy mix is 
produced mainly from hard coal. This explains the strong impact on the midpoint categories 
of HTP, AP and GWP. The same Figure 3.13 also highlights the important negative 
contribution of virgin steel production and the positive one of recycling recovered steel. 
Activated Carbon 
 Production 
of AC 
AC 
Regeneration 
AC 
Regenerated 
Abiotic Depletion [kg Sb-Equiv.] 2.59E-17 -7.76E-18 9.13E-18 
Acidification Potential [kg SO2-Equiv.] 2.72E-15 -1.95E-16 2.29E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 3.54E-16 -1.60E-17 1.88E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 1.42E-15 -9.54E-18 1.12E-17 
Global Warming Potential [kg CO2-Equiv.] 1.40E-15 -2.21E-16 2.60E-16 
Human Toxicity Potential [kg DCB- Equiv.] 7.67E-15 -2.21E-16 2.61E-16 
Ozone Layer Depletion Potential [kg R11-Equiv.] 5.54E-21 -3.04E-20 3.58E-20 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 1.03E-15 -7.39E-17 8.70E-17 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 7.38E-16 -1.12E-17 1.32E-17 
Aluminium 
 Virgin 
Aluminium 
Secondary 
Aluminium 
Aluminium 
Reprocessing 
Abiotic Depletion [kg Sb-Equiv.] 6.31E-18 3.17E-17 -1.54E-17 
Acidification Potential [kg SO2-Equiv.] 7.69E-17 3.54E-17 -4.50E-17 
Eutrophication Potential [kg Phosphate-Equiv.] 1.02E-17 4.44E-18 -5.87E-18 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 3.46E-18 1.72E-18 -2.07E-18 
Global Warming Potential [kg CO2-Equiv.] 1.40E-16 1.16E-16 -1.03E-16 
Human Toxicity Potential [kg DCB- Equiv.] 8.07E-17 3.69E-17 -4.70E-17 
Ozone Layer Depletion Potential [kg R11-Equiv.] 8.91E-19 2.92E-19 -4.72E-19 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 5.22E-17 2.40E-17 -3.05E-17 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 5.05E-18 2.47E-18 -3.01E-18 
Steel 
 
Virgin Steel 
Secondary 
Steel 
Steel 
Reprocessing 
Abiotic Depletion [kg Sb-Equiv.] -7.70E-18 5.16E-18 1.52E-18 
Acidification Potential [kg SO2-Equiv.] 4.72E-16 6.31E-17 -3.59E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 5.12E-17 7.90E-18 -3.97E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 3.44E-17 3.56E-18 -2.54E-17 
Global Warming Potential [kg CO2-Equiv.] 1.11E-15 1.17E-16 -8.20E-16 
Human Toxicity Potential [kg DCB- Equiv.] 1.52E-15 8.70E-17 -1.07E-15 
Ozone Layer Depletion Potential [kg R11-Equiv.] 4.76E-18 1.25E-21 -3.17E-18 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 4.66E-16 4.14E-17 -3.39E-16 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 5.35E-17 6.88E-18 -4.05E-17 
Other processes 
 
Landfill 
Transport to 
Store 
Processing of 
AC and CO2 
Abiotic Depletion [kg Sb-Equiv.] 6.77E-20 0.00E+00 1.73E-17 
Acidification Potential [kg SO2-Equiv.] 1.77E-18 0.00E+00 3.90E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 4.62E-19 0.00E+00 3.17E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 1.61E-19 0.00E+00 2.03E-17 
Global Warming Potential [kg CO2-Equiv.] 2.19E-18 3.69E-22 6.62E-16 
Human Toxicity Potential [kg DCB- Equiv.] 1.35E-18 0.00E+00 6.36E-16 
Ozone Layer Depletion Potential [kg R11-Equiv.] 1.19E-23 0.00E+00 4.45E-20 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 1.39E-18 0.00E+00 1.56E-16 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 8.20E-19 0.00E+00 1.53E-17 
Table 3.4 LCIA of the single processes of the self-chilling beverage can system
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Figure 3.13 LCIA of the single processes of the self-chilling beverage can system. Here and in all the following figures the criteria for normalization are: world, year 2013 CML-2001 person equivalent units, where one person 
equivalent represents the average impact in the specific category caused by a person during one year in the world. 
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The environmental impacts related to the production of fresh AC and virgin metals are then 
compared with those for the full life cycle of the self-chilling system in Figure 3.14. 
Inspection of the histograms indicates that Global Warming Potential (GWP) turns out to be 
one of the most significant global impacts, while Human Toxicity Potential (HTP) and 
Acidification Potential (AP) are the most significant localized impacts. The figure further 
highlights the dominant contribution of AC production to the overall environmental 
performance, and the limited roles played by steel, and particularly, aluminium components. 
The noticeable contribution of the activated carbon and carbon dioxide processing, reported 
in Figure 3.13, varies according to the country of HEU preparation. In this case, it is the 
United States, where the primary energy mix includes a high proportion (40%) of hard coal; 
this explains the high value of HTP. 
 
Figure 3.14 Comparison of LCIA results of the overall self-chilling beverage can system and those of 
the productions of fresh AC and virgin metals. 
3.2.3 INTERPRETATION 
A sensitivity analysis has been carried out by defining alternative scenarios, as suggested by 
(Clavreul et al., 2012). In the first alternative scenario, called “best HEU recovery”, a higher 
percentage recovery of HEU (90 % instead of 70 %) has been assumed, together with 
complete recovery and reutilisation of aluminium components and, above all, activated 
carbon, as detailed in Table 3.5. 
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The results for this scenario are showed in Figure 3.15 and reported in detail in Appendix 9. 
The increased reusability of HEUs, and of AC contained in these units, leads to a significant 
reduction of the impacts in all the relevant categories, and particularly in AP and GWP. 
Material Quantities Base Case 
Best HEU 
recovery 
Pre-use fraction of recycled steel, - 0.4 0.4 
Pre-use fraction of virgin steel, - 0.6 0.6 
Post-use fraction of steel recovered, - 0.7 0.7 
Post-use fraction of steel to landfill, - 0.3 0.3 
Pre-use fraction of recycled aluminium, - 0.48 0.48 
Pre-use fraction of virgin aluminium, - 0.52 0.52 
Post-use fraction of HEUs recovered, - 0.7 0.9 
Post-use fraction of HEUs to landfill, - 0.3 0.1 
Fraction of recovered aluminium reused, - 0.7 1 
Fraction of recovered aluminium recycled, - 0.3 0 
Fraction of recovered carbon re-used, - 0.7 1 
Table 3.5 Main assumptions for the Base case and the alternative scenario with high HEU recovery. 
 
Figure 3.15 Results of the sensitivity analysis of the self-chilling beverage can system, Best HEU 
Scenario. 
However, the continued dominance of the contribution of activated carbon production to the 
overall performance of the system suggested three further alternative scenarios. The related 
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results are reported in Appendix 9 and the comparison of their total contribution in Figure 
3.6 and Table 3.6. 
 Scenario 1 considers AC production in a different country, sufficiently close to 
Indonesia but with an energy mix characterized by predominantly renewable 
sources: in the specific case considered here, it has been assumed that the coconut 
shells are shipped from Indonesia to New Zealand. The results indicate lower impacts 
for all the categories compared with the base case. 
 Scenario 2 assumes that the company producing AC avoids the use of electricity 
generated from hard coal by using coconut shells as feedstock for the AC 
manufacturing process but also as biofuel for production of the necessary electrical 
energy (mainly utilised in the crushing & tumbling units). In this scenario, it is 
assumed that the biofuel is burned in a power station of small to medium size having 
an overall net efficiency of electrical energy conversion equal to 16 % (for details see 
Section 3.4).  
 Finally, Scenario 3, which represents the “Optimal scenario”, combines Scenarios 1 
and the “best HEU Recovery” by assuming that the AC production is located in New 
Zealand and that 90 % of the HEUs are recovered. The results (Figure 3.16 and Table 
3.6) show that this scenario provides the best environmental performance thanks to 
the high HEU recovery, which implies reduced production of activated carbon, and 
to the electricity mix in New Zealand characterized by predominantly renewable 
sources. 
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Figure 3.16 Results of the sensitivity analysis of the self-chilling beverage can system, Scenario 1, 
Scenario 2 and Scenario 3. 
Table 3.6 Normalized results of the main impact categories in the base case and the three alternative 
scenarios.  
An additional scenario in which both inner and outer cans are made of aluminium has also 
been investigated, because a high percentage of conventional cans are made from aluminium 
rather than steel. The results, reported in Figure 3.17 and in detail in Appendix 9, Table A.9.5, 
show that the difference is not significant and that the environmental improvement in using 
an aluminium outer can would be minimal. 
 
BASE 
CASE 
Scenario 1 Scenario 2 Scenario 3 
AP, [kg SO2-Equiv.] 3.39E-15 3.13E-15 2.22E-15 1.41E-15 
EP, [kg Phosphate-Equiv.] 4.18E-16 4.73E-16 4.53E-16 1.92E-16 
FAETP, [kg DCB-Equiv.] 1.46E-15 1.43E-15 1.45E-15 5.08E-16 
GWP, [kg CO2-Equiv.] 2.66E-15 1.80E-15 1.58E-15 1.33E-15 
HTP, [kg DCB-Equiv.] 8.95E-15 1.89E-15 4.10E-15 1.67E-15 
POCP, [kg Ethene-Equiv.] 1.42E-15 1.38E-15 1.62E-15 6.01E-16 
TETP, [kg DCB-Equiv.] 7.80E-16 6.61E-16 8.63E-16 2.47E-16 
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Figure 3.17 Comparison between the base case and a Scenario where the outer can is made of 
aluminium. 
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3.3 THE COMPARISON BETWEEN THE PERFORMANCES OF SELF-CHILLING CAN AND 
CONVENTIONAL REFRIGERATED CANS 
The results of the LCA have been compared, in terms of contribution to the three dominant 
impact categories and abiotic depletion expressed in MJ fossil energy 5, with those related to 
two types of conventional beverage cans assumed to have contain the same beverage volume 
(300 mL) and to be dispensed from two types of retail refrigerator: a single door (SDC: model 
FV 650, Frigoglass) and a large open front cooler (OFC: model Chicago multi-deck 1.8, 
Bibalou et al., 2014). The analysis aims in particular to identify scenarios in which the self-
chilling system can show advantages over the conventional system, to guide product and 
market development. 
The following assumptions have been made: 
 The conventional aluminium can, which represents 90 % of current beverage cans 
worldwide (Rexam, 2016a), is assumed to follow current European practice (EAA, 
2013), comprising 52 % virgin and 48 % recycled material. 
 The tinplate can, representing 10 % of beverage cans worldwide (Rexam, 2016a) 
comprises 60 % virgin and 40 % recycled material (WSA, 2011). 
 Recovery and re-use cans are assumed to follow the current European patterns: 70 % 
are recovered post-use with the remaining 30 % lost to landfill. 
The inventory table (Table 3.7) contains the materials required for the two types of 
conventional cans compared with the self-chilling can. Because of their different sizes, the 
self-chilling and conventional cans have different transport requirements. Details of the 
logistic system modelled are given in Table 3.7 and Appendix 6. 
  
                                                 
5 In the category of Abiotic Depletion Potential, fossil fuels are assumed to be substitutes both as energy carriers 
and as materials. Therefore, the ADP calculations take into account both fossil energy production and reserves 
relative to the reference resource (antimony). For this reason, this category can be expressed in MJ fossil energy 
or kg antimony equivalent (van Oers et al., 2002). 
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DIRECT BURDENS, for 300 mL of beverage 
Self-Chilling 
Can 
Aluminium 
Conventional 
Can 
Steel 
Conventional 
Can 
Overall Volume, mL 510 300 300 
Carbon dioxide, kg 0.055 - - 
Steel (tinplate), kg 0.029 - 0.025 
Aluminium, kg 0.039 0.012  
Activated Carbon, kg 0.1100 - - 
Virgin Aluminium, kg 0.0103 0.0064 - 
Recycled Aluminium, kg 0.0095 0.0059 - 
Virgin Steel (tinplate), kg 0.0180 - 0.0147 
Recycled Steel (tinplate), kg 0.0120 - 0.0098 
Energy for CO2 processing, MJ 0.0613 - - 
Energy for CO2 pressurization in HEU, MJ ~0 - - 
Energy for AC pressurization in HEU, MJ 0.0864 - - 
Energy for AC regeneration, MJ 83.2 - - 
Energy for can chilling in a single door cooler, MJ 0 15 15 
Energy for can chilling in an open front cooler, MJ 0 343 343 
Transport (Return journey to Store, 30km), kgCO2eq 1.54E-08 1.06E-09 2.12E-09 
Table 3.7 Direct burdens for the Self-Chilling Can and Conventional Cans. 
With reference to a previous LCA study on “Packaging systems for beer and soft drinks” 
(Frees et al., 1998), the processes of lid production, washing and filling, wooden pallets and 
cardboard production and recycling, have not been included because their impacts are 
negligible compared to the process of steel and aluminium production. 
Table 3.8 reports the inputs to the inventory data for storage in both types of cooler, obtained 
from data from literature and refrigerator retailers (Bibalou et al., 2014; Bovea et al., 2007; 
Frigoglass, 2015). Both coolers have a direct expansion system (DX), associated with a 
leakage of refrigerant of about 2 % per year (Frigoglass, 2015). The life cycle impacts of the 
energy consumed by refrigeration have been analysed for three different energy mixes, 
corresponding to Europe and USA (intermediate carbon intensity), Indonesia (high carbon 
intensity) and New Zealand (low carbon intensity). The cans are assumed to be kept in 
refrigerated storage for only one day (Bibalou et al., 2014; Frigoglass, 2015). For both types 
of cooler, the impacts from energy consumption and refrigeration leakage were scaled for 
one can of 300 mL stored for one day.  
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Refrigerator Open front Single door 
Capacity, can  770 528 
Use, MJ can-1 day-1 3.43E-01 1.49E-02 
Type of refrigerant R404a R134a 
Quantity of refrigerant for the whole life span, kg 5.40E-01 2.96E-01 
Refrigerant per can, kg 1.02E-03 3.84E-04 
Leakages, kg day-1 can-1 5.60E-08 2.10E-08 
Emissions due to leakage, kgCO2eq can-1 day-1 1.13E-11 1.47E-11 
Table 3.8 Life Cycle Inventory conventional can, 300 mL in single door and open front cooler. 
For the conventional cans, the environmental impacts are dominated by electricity 
consumption because the refrigerants used (R144a in the single-door cooler and R404 in the 
open-fronted cooler; Frigolass, 2015) have very low ODP and low GDP. Of course the 
comparisons will be different if, contrary to the Montreal protocol, the chillers use CFC 
refrigerants. 
The LCIA of the aluminium and tinplate cans, both refrigerated in Europe in an OFC and SDC, 
are reported in Figure 3.18 and Figure 3.19 on the next pages and the total contribution to 
each impact category is reported in Table 3.9 and Table 3.10 below. Open-front coolers are 
less thermally efficient and therefore have higher energy demands. The results for the other 
countries, which are not very different from these, are reported in Appendix 10. 
Aluminium CAN, EUROPE Open Front Cooler Single Door Cooler 
ADP, [kg Sb-Equiv.] 4.49E-17 8.82E-18 
AP, [kg SO2-Equiv.] 9.68E-16 6.40E-17 
EP, [kg Phosphate-Equiv.] 8.08E-17 6.45E-18 
FAETP, [kg DCB-Equiv.] 4.72E-17 3.09E-18 
GWP, [kg CO2-Equiv.] 1.12E-15 9.73E-17 
HTP, [kg DCB-Equiv.] 1.10E-15 7.02E-17 
ODP, [kg R11-Equiv.] 3.82E-19 2.41E-19 
POCP, [kg Ethene-Equiv.] 3.74E-16 3.11E-17 
TETP, [kg DCB-Equiv.] 5.63E-17 4.18E-18 
Table 3.9 LCIA of aluminium can cooled in an OFC and SDC in Europe. 
Tinplate Steel CAN, 
EUROPE 
Open Front Cooler Single Door Cooler 
ADP, [kg Sb-Equiv.] 3.69E-17 8.54E-19 
AP, [kg SO2-Equiv.] 1.09E-15 1.87E-16 
EP, [kg Phosphate-Equiv.] 9.40E-17 1.97E-17 
FAETP, [kg DCB-Equiv.] 5.65E-17 1.24E-17 
GWP, [kg CO2-Equiv.] 1.41E-15 3.80E-16 
HTP, [kg DCB-Equiv.] 1.51E-15 4.84E-16 
ODP, [kg R11-Equiv.] 1.45E-18 1.31E-18 
POCP, [kg Ethene-Equiv.] 4.97E-16 1.54E-16 
TETP, [kg DCB-Equiv.] 7.15E-17 1.93E-17 
Table 3.10 LCIA of tinplate steel can cooled in an OFC and SDC in Europe.  
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Figure 3.18 LCIA of a conventional aluminium can refrigerated in Europe in an OFC (a) and SDC 
(b). 
For the case of tinplate steel can, the production of virgin steel plate also has a high impact. 
This supports the discussion in Section 1.2 with respect to using aluminium cans. 
These results have been compared with those of the complete life cycle of the chill-on-
demand system and are reported below for each country in terms of Global Warming 
Potential, Human Toxicity Potential and Acidification Potential, the most significant global 
and localized impacts categories. 
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Figure 3.19 LCIA of a conventional tinplate can refrigerated in Europe in an OFC (a) and SDC (b). 
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3.3.1 CHILL-ON-DEMAND SYSTEM VS CONVENTIONAL CAN IN EUROPE  
The results of this comparison are reported in Table 3.11 and in Figure 3.20 and Figure 3.21. 
Chill-on-demand Aluminium Can Tinplate Can  
BASE CASE 
Optimal Scenario 
(3) 
OFC, EU SDC, EU OFC, EU SDC, EU 
AP 3.39E-15 1.41E-15 9.68E-16 6.40E-17 1.09E-15 1.87E-16 
GWP 2.66E-15 1.33E-15 2.24E-15 9.73E-17 1.41E-15 3.80E-16 
HTP 8.95E-15 1.67E-15 1.10E-15 7.02E-17 1.51E-15 4.84E-16 
Table 3.11 Normalized results of the main impact categories in the aluminium and tinplate can 
cooled in a SDC and OFC in Europe compared with the self-chilling can. 
In Europe, both types of conventionally refrigerated cans in both single door and open front 
cooler show better environmental performance than the self-chilling beverage can. However, 
if the Optimal scenario is assumed, with a high percentage of recovery and with the activated 
carbon produced in New Zealand, the impacts of the self-chilling can are comparable with 
those of the conventional steel can cooled in an open front cooler. 
 
Figure 3.20 Comparison of the self-chilling beverage can system with a conventional beverage 
tinplate can in Europe. 
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Figure 3.21 Comparison of the self-chilling beverage can system with a conventional beverage 
aluminium can in Europe. 
The diagram of Figure 3.22 reports the ADP in MJ fossil energy, for conventional cans in 
comparison with the base scenario and Optimal Scenario of the self-chilling can. The graph 
shows that for both the tinplate and aluminium can in an OFC, the fossil fuel depletion is 
comparable to that for Scenario 3 (optimal). 
 
Figure 3.22 Abiotic Resource Depletion [MJ] in the self-chilling beverage can system and 
conventional beverage can in Europe. 
3.3.2 CHILL-ON-DEMAND SYSTEM VS CONVENTIONAL CAN IN NEW ZEALAND 
If the conventional cans are refrigerated in New Zealand, as expected their performances are 
better than the chill-on-demand in both open front and single door cooler, even if the 
Optimal Scenario for managing the self-chilling system is considered. (Table 3.12 and Figure 
3.23). This is confirmed by the results for ADP (Figure 3.24). 
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Chill-on-demand Aluminium Can Tinplate Can  
BASE CASE 
Optimal 
Scenario (3) 
OFC, NZ SDC, NZ OFC, NZ SDC, NZ 
AP 3.39E-15 1.41E-15 7.72E-16 5.53E-17 8.94E-16 1.79E-16 
GWP 2.66E-15 1.33E-15 4.76E-16 6.93E-17 7.59E-16 3.52E-16 
HTP 8.95E-15 1.67E-15 2.73E-16 3.45E-17 6.87E-16 4.49E-16 
Table 3.12 Normalized results of the main impact categories in the aluminium and tinplate can 
cooled in a SDC and OFC in New Zealand compared with the self-chilling can. 
 
Figure 3.23 Comparison of the self-chilling beverage can system with that of conventional beverage 
cans made of aluminium and tinplate in New Zealand. 
 
Figure 3.24 Abiotic Resource Depletion [MJ] in the self-chilling beverage can system and 
conventional beverage can in New Zealand. 
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3.3.3 CHILL-ON-DEMAND SYSTEM VS CONVENTIONAL CAN IN INDONESIA 
The only instance in which the self-chilling can, used according to the base case scenario, is 
environmentally preferable in all categories is when it displaces open-front coolers in 
countries with a high carbon electricity system, such as Indonesia (Figure 3.25 and Table 
3.13). The AC production in New Zealand and a high HEU recovery would also make the 
self-chilling can competitive in terms of HTP with a conventional one of tinplate. 
Chill-on-demand Aluminium Can Tinplate Can  
BASE CASE 
Optimal 
Scenario (3) 
OFC, IN SDC, IN OFC, IN SDC, IN 
AP 3.39E-15 1.41E-15 4.96E-15 2.38E-16 7.68E-15 3.61E-16 
GWP 2.66E-15 1.28E-15 3.21E-15 1.88E-16 3.49E-15 4.71E-16 
HTP 8.95E-15 1.26E-15 1.78E-14 7.95E-16 1.82E-14 1.21E-15 
Table 3.13 Normalized results of the main impact categories in the aluminium and tinplate can 
cooled in a SDC and OFC in Indonesia compared with the self-chilling can. 
 
Figure 3.25 Comparison of the self-chilling beverage can system with that of conventional beverage 
cans made of aluminium and tinplate in Indonesia.  
Figure A.10.3 in Appendix 10 shows that the dominant life cycle phase for a tinplate can is 
the use phase. This is confirmed also by the diagram below (Figure 3.26), which shows that 
ADP is significantly higher for a can chilled in an open front cooler. 
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Figure 3.26 Abiotic Resource Depletion [MJ] in the self-chilling beverage can system and 
conventional beverage can in Indonesia. 
3.3.4 CHILL-ON-DEMAND SYSTEM VS CONVENTIONAL CAN IN USA 
Finally, the case of United States, i.e. the initial place where the chill on demand can should 
be consumed. From Table 3.14 and Figure 3.27 and Figure 3.28, the conventional cans show 
lower impact than the self-chilling beverage can. For the very high recovery rates in the “Best 
HEU Recovery” scenario and the US electricity grid, the self-chilling can contributes less to 
GWP than either type of conventional can but is still worse in the other categories (see Figure 
3.27). For the Optimal Scenario, in which the activated carbon is produced in a country with 
a very low carbon electricity supply and with very high rates of recovery of cans and re-use 
of the HEUs, the self-chilling can shows environmental performance comparable with the 
conventional cans from open-front coolers. 
Chill-on-demand Aluminium Can Tinplate Can  
BASE CASE 
Optimal 
Scenario (3) 
OFC, IN SDC, IN OFC, IN SDC, IN 
AP 3.39E-15 1.41E-15 9.27E-16 6.22E-17 1.05E-15 1.85E-16 
GWP 2.66E-15 1.33E-15 1.59E-15 1.17E-16 1.87E-15 4.00E-16 
HTP 8.95E-15 1.67E-15 1.49E-15 8.76E-17 1.91E-15 5.02E-16 
Table 3.14 Normalized results of the main impact categories in the aluminium and tinplate can 
cooled in a SDC and OFC in USA compared with the self-chilling can. 
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Figure 3.27 Comparison of the self-chilling beverage can system with that of conventional beverage 
cans made of aluminium and tinplate in USA. 
 
Figure 3.28 Abiotic Resource Depletion [MJ] in the self-chilling beverage can system and 
conventional beverage can in USA. 
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3.4 LCA OF THE ACTIVATED CARBON MANUFACTURING 
A review of existing literature in the public domain (Ioannidou and Zabaniotou, 2007; Yahya 
et al., 2015) suggests that a comprehensive assessment of the environmental impacts of 
activated carbon production has not yet been reported. Therefore, in order to ensure a 
sustainable manufacturing of the product (Section 1.1) and to redress the lack of information 
about the environmental performance of an activated carbon manufacturing chain that 
utilizes coconut shells as raw material, a LCA study has been developed in accordance with 
the ISO 14040 series (ISO-14040, 2006; ISO-14044, 2006). 
The goal of the study was thus to quantify the potential environmental impacts of producing 
activated carbon from coconut shells in Indonesia where a large quantity 
(66,200 tonnes per annum) of low cost activated carbon is produced (Chemviron, 2015b). 
In the base case scenario, the activated carbon is manufactured entirely in Indonesia, the 
principal coconut worldwide producer. The shells are carbonized in situ, i.e. in the locality 
where the coconut is grown: the char is then transferred to the activation process, usually 
located close or adjacent to the carbonization unit, so that emissions from handling (mainly 
dust) and transportation (fuel consumption and carbon dioxide emissions) are negligible in 
comparison to emissions from the main process units. Carbonization and activation are 
assumed to be performed in a modern facility, equipped with efficient gas emission control 
devices. As in other LCAs of agricultural products (Alade et al., 2012; Hjaila et al., 2013), the 
system boundaries are from “cradle to gate”. They include processes and transportations 
from raw material acquisition to the delivery of the product, in this case to California (USA); 
while the use and final disposal of the AC have not been taken into account, due to the myriad 
of possible applications of activated carbons. 
The system boundaries are schematically shown in Figure 3.29, in terms of foreground and 
background systems (Clift et al., 2000). 
 
Figure 3.29 System boundaries for the activated carbon production system under analysis. 
Chapter 3. - Self-Chilling System Environmental Performance: Sustainable Implications Of Technology  
89 
The quality of data of the life cycle inventory (LCI) table utilized for the foreground system 
and most of the background system is high, since most of the data derive from scientific 
literature (Fagbemi et al., 2001) and AC commercial companies (Chemviron, 2014, 2015b, 
2016b; Ragan, 2010). These data were processed by means of mass and energy balances, 
while the remaining burdens were obtained from the life cycle inventory databank 
Ecoinvent 3.0 (Ecoinvent, 2013). 
3.4.1 LIFE CYCLE INVENTORY 
This study has been carried out on activated carbon not hosted by graphite even though the 
energy to produce the composite activated carbon with graphite requires less energy 
consumption (Py et al., 2002). The production of 1 tonne of activated carbon (functional unit 
of this study) needs approximately 6.70 tonnes of coconut shells (Chemviron, 2014). The 
assumed composition of coconut shell (Table 3.15) was that reported by Woodroof (1979), 
which is in close agreement with the elemental composition utilized by Fagbemi et al. (2001). 
Substance %, mass basis 
Lignin 33.30 
Cellulose 30.58 
Hemicellulose 26.70 
Water 8.86 
Ash 0.56 
Element %, mass basis 
Carbon 45.03 
Hydrogen 6.94 
Oxygen 47.47 
Ash 0.56 
Table 3.15 Composition of coconut shell raw material (Woodroof, 1979). 
The configuration of the reference production chain is shown in Figure 3.30, which includes 
the two principal processing steps: carbonization and subsequent physical activation using 
steam. 
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Figure 3.30 Quantified mass flow Sankey diagram of the activated carbon production system under 
analysis. All the data are expressed as tonnes and for functional unit. 
As explained in Section 2.2.1, Figure 2.7, coconut shells are crushed and then dried, so that 
almost all the moisture is released from the biomass. The resulting dried material is sent to 
the carbonization unit. The electric energy consumption of the crusher, together with that of 
the activated carbon tumbling machine and crusher, is typically 2,160 MJ per tonne of 
activated carbon produced (Chemviron, 2014). 
The carbonization process consists of heating in the absence of air, typically in a stream of 
nitrogen, at temperatures lower than 700 °C (Cagnon et al., 2003). Most of the non-
carbonaceous material, together with the more reactive carbon of the structure, is volatilized 
through this pyrolysis process, giving rise to a highly porous structure, even though the char 
produced in this unit does not have a high adsorption capacity yet (Ioannidou and 
Zabaniotou, 2007). Information from the literature (Fagbemi et al., 2001; Yahya et al., 2015), 
together with that provided by AC producers, indicates that the pyrolysis process is carried 
out at a temperature of 500 °C to maximize the char yield. The process produces solid, 
condensed and gaseous compounds. The partition coefficients have been obtained from a 
specific mass balance developed, as explained below, from experimental data given by 
Fagbemi et al. (2001) for pyrolysis of coconut shells at 500 °C. The resulting compositions of 
the output streams of distillate products (essentially oils and tars) and carbonized material 
are reported in Table 3.16. 
The distillate products can be released to atmosphere, utilized in the activation unit or burned 
to provide energy for the drier unit: the latter process has been assumed in the base case 
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scenario. It is important to note that the emissions of distillate products from the furnace have 
been conservatively assumed to be at the top of the allowable range in the related BAT (Best 
Available Techniques) Reference Document of the European Community (EC-IPPC, 2006). 
Substance tonne/h 
Stream of carbonized materials 
Char 1.74 
Carbon 1.52 
Hydrogen 0.05 
Oxygen 0.15 
Ash 0.02 
Water 2.02 
Gas 1.07 
Carbon monoxide 0.33 
Carbon dioxide (biogenic) 0.62 
Hydrogen 0.004 
Methane 0.07 
Ethylene 0.04 
Total mass flow rate 4.83 
Stream of distillate 
Tar  1.28 
Carbon 0.73  
Hydrogen 0.08  
Oxygen 0.47  
Total mass flow rate 1.28 
Table 3.16 Composition of output streams from pyrolysis process at 500 °C (based on elemental 
compositions reported by Fagbemi et al. 2001). 
The char product fraction (i.e. the devolatilized coconut shells), together with some gas and 
water, is sent to the activation unit. 
The activation step is carried out at temperatures between 750 and 950 °C. The physical and 
chemical properties of the AC can be affected by the type and intensity of activation: in this 
LCA study it has been assumed that the AC production utilizes thermal activation at 900 °C 
with the steam coming from a boiler, as reported by industrial producers and literature 
(Cagnon et al., 2003). Mass and energy balances over the activation unit were carried out by 
specifying the amount and composition (Table 3.17) of the activated carbon output. 
Given the aims of this study, and on the basis of data provided by industrial producers, it is 
reasonable to assume that the only reaction occurring in this unit is the water-gas reaction 
(Reaction 6): C (char) + H2O  H2 + CO. This leads to an estimated carbon conversion of 
40 %, which is very close to that generally indicated by activated carbon producers. The 
composition of the off-gases is reported in Table 3.17. Most of these off-gases are fuel gases 
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and they can be used to provide the heat necessary for the process. In modern activated 
carbon production plants, the off-gases are burned with air (typically with an excess of about 
30 % above that necessary for stoichiometric combustion) in a furnace, which is in turn 
connected to the boiler that generates the steam for the activation unit. Complete combustion 
of the fuel gases in the furnace has been assumed, leading to the composition of the flue gases 
in Table 3.17. 
Substance tonne/h 
Composition of Activated Carbon from activation unit 
Carbon 0.910 
Hydrogen 0.005 
Sulphur 0.010 
Nitrogen 0.005 
Oxygen 0.060 
Ash 0.010 
Total mass flow rate 1.00 
Composition of hot flue gases from activation unit 
Water 2.68 
Carbon monoxide 1.79 
Carbon dioxide (biogenic) 0.64 
Hydrogen 0.11 
Methane 0.07 
Ethylene 0.04 
Total mass flow rate 5.33 
Composition of flue gases from furnace 
Water 3.86 
Carbon dioxide (biogenic) 3.78 
Oxygen 0.69 
Nitrogen 9.89 
Total mass flow rate 18.22 
Table 3.17 Composition and mass flow rates of streams from activation unit and furnace. 
The set of all the results obtained from energy and mass balances have been used to estimate 
the environmental burdens listed in Table 3.18, which have been converted to impacts using 
the software package GaBi 6.0 (Thinkstep, 2015). The burdens related to the alternative 
scenarios taken into account in the sensitivity analysis are reported in Table 3.18, and 
described in detail in Section 3.4.3. 
  
Chapter 3. - Self-Chilling System Environmental Performance: Sustainable Implications Of Technology  
93 
DIRECT BURDENS for tonneAC 
Base 
Scenario 
Scenario 
1 
Scenario 
2 
Scenario 
3 
Scenario 
4 
Resource consumptions of AC production process 
Coconut shells that could have 
been used as biofuel, kg 
0 6700 0 0 - 
Coconut shells that have been 
used as biofuel, kg 
- - - - 18960 
Electric energy (Indonesian 
energy mix), MJ 
2160 19860 2160 - 0 
Electric energy (New Zealander 
energy mix), MJ 
- - - 2160 - 
Electric energy (Indonesian 
biomass combustion), MJ 
- - - - 2160 
Thermal energy (Indonesian 
energy mix), MJ 
0 0 1330 - 0 
Thermal energy (New Zealander 
energy mix), MJ 
- - - 0 - 
Water, kg 1500 1500 1500 1500 1500 
Air emissions of AC production process 
Carbon dioxide (biogenic), kg 6460 6460 3780 6460 6460 
Carbon dioxide (fossil), kg - - - - - 
Water, kg 4220 4220 3860 4220 4220 
Oxygen, kg 880 880 690 880 880 
Nitrogen, kg 19000 19000 9900 19000 19000 
Carbon monoxide, g 2440 2440 1510 2440 2440 
Nitrogen oxides (as NO2), g 1830 1830 1130 1830 1830 
Dust, g 61 61 38 61 61 
Tar (as naphthalene), kg 3.9 3.9 783 3.9 3.9 
AVOIDED BURDENS per tonneAC 
Base 
Scenario 
Scenario 
1 
Scenario 
2 
Scenario 
3 
Scenario 
4 
Resource savings of AC production process 
Electric energy (Indonesian 
biomass source), MJ 
0 17700 0 0 0 
Notes: 
Scenario 1 considers coconut shells as a possible fuel for electrical energy production in Indonesia. 
Scenario 2 assumes that distillate products from carbonization unit are released into the 
atmosphere. 
Scenario 3 assumes that coconut shells are sent to New Zealand where the AC factory is located. 
Scenario 4 considers coconut shells as feedstock for AC production (located in Indonesia) and 
biofuel for internal consumption of electric energy. 
Table 3.18 Direct and avoided burdens for the production of 1 tonne of Activated Carbon, for the 
base case scenario and the alternative scenarios considered in the sensitivity analysis. 
3.4.2 LIFE CYCLE IMPACT ASSESSMENT 
The details of the positive or negative contributions from all the stages of the manufacturing 
chain have been identified and quantified, in terms of truly global or more localized impact 
categories. These results of the LCIA of activated carbon production are reported in 
normalized form in Figure 3.31 and Table 3.19 and subsequent figures. 
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Figure 3.31 Normalized results of life cycle impact assessment for the activated carbon production. 
 
Energy 
for 
crusher & 
tumbling 
IN 
HRSG 
emissions 
Water 
purification 
Overseas 
transport 
Abiotic Depletion [kg Sb-Equiv.] 1.03E-13 0.00E+00 2.83E-13 5.98E-15 
Acidification Potential [kg SO2-Equiv.] 3.11E-11 3.82E-12 7.23E-14 6.19E-12 
Eutrophication Potential [kg Phosphate-Equiv.] 2.90E-12 1.50E-12 1.79E-14 9.48E-13 
Freshwater Aquatic Ecotoxity Potential 
[kg DCB-Equiv.] 
8.15E-13 2.06E-11 9.01E-15 1.02E-13 
Global Warming Potential [kg CO2-Equiv.] 1.99E-11 0.00E+00 1.45E-13 1.17E-12 
Human Toxicity Potential [kg DCB- Equiv.] 1.12E-10 3.33E-12 9.08E-14 9.27E-13 
Ozone Layer Depletion Potential [kg R11-Equiv.] 7.81E-17 0.00E+00 5.20E-18 7.59E-19 
Photochem. Ozone Creation Potential 
[kg Ethene-Equiv.] 
1.00E-11 3.18E-12 3.84E-14 2.39E-12 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 1.88E-12 9.24E-12 1.05E-14 6.50E-15 
Table 3.19 LCIA of activated carbon production. 
Global Warming Potential is one of the most significant global impacts, while Human 
Toxicity and Acidification are the most important localized impact categories. The overall 
environmental performance of the manufacturing process is dominated by the crushing and 
tumbling stages (where the coconut, or the activated carbon product, are crushed to obtain 
powdered or granulated material) and by heat recovery and steam generation (where the 
steam necessary for the activation unit is generated). Their significant contribution to the 
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overall impact is mostly related to the high consumption of electrical energy, which in the 
Indonesian energy mix is largely produced from hard coal. This explains the strong impact 
on the midpoint categories of Human Toxicity, Acidification and Global Warming. The role 
of overseas transport appears negligible. 
3.4.3 SENSITIVITY ANALYSIS: ALTERNATIVE SCENARIOS 
As for the self-chilling can system, a sensitivity analysis has been carried out by analysing the 
effect of variation of selected parameters and by defining some scenarios, alternative to that 
assumed as base case (Clavreul et al., 2012). For the first analysis, considering the key role 
of the energy mix, a variation of +/- 10 % was considered in the overall electrical energy 
consumptions related to coconut shells crusher and activated carbons crusher/tumbling; the 
corresponding values are 2376 MJ and 1944 MJ, respectively. Another parameter is the 
overall conversion efficiency of coconut shells to activated carbon, i.e. the amount of 
feedstock required to produce 1 tonne of AC; a variation of +/- 10 % in this figure changes 
the required mass of coconut shells to 7.37 tonnes and 6.03 tonnes, respectively. 
Figure 3.32 and Figure 3.33 report the related results, which show in both cases limited, and 
almost linear, variations. 
 
Figure 3.32 Comparison of normalized results of the most significant impact categories related to 
electric energy production for crusher&tumbling unit. A variation of +/- 10% of the consumption 
assumed for the base case has been taken into account. 
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Figure 3.33 Comparison of normalized results of the most significant impact categories. A variation 
of +/- 10% of the total amount of coconut shells required to produce one tonne of AC in the base 
case has been taken into account. 
With reference to the alternative scenarios, Table 3.18 reports the related environmental 
burdens and Table 3.20 reports the numerical value of normalized results for the 
predominant impact categories. The results for each different scenario are reported in details 
in Appendix 11. 
 BASE 
CASE 
Scenario 
1 
Scenario 
2 
Scenario 
3 
Scenario 
4 
Acidification Potential, [kg SO2-Equiv.] 4.1E-11 1.9E-10 4.5E-11 3.7E-11 2.4E-11 
Freshwater Aquatic Ecotoxity Potential, 
[kg DCB-Equiv.] 
2.2E-11 2.3E-11 4.1E-09 2.1E-11 2.1E-11 
Global Warming Potential, 
[kg CO2-Equiv.] 
2.1E-11 1.5E-10 2.4E-11 8.2E-12 4.9E-12 
Human Toxicity Potential, 
[kg DCB-Equiv.] 
1.2E-10 7.2E-10 6.3E-10 9.3E-12 4.3E-11 
Photochemal. Ozone Creation Potential, 
[kg Ethene-Equiv.] 
1.6E-11 -1.0E-11 1.6E-11 1.5E-11 1.9E-11 
Terrestric Ecotoxicity Potential, 
[kg DCB-Equiv.] 
1.1E-11 8.2E-13 1.9E-09 9.3E-12 1.2E-11 
Primary Energy from non-renewable 
resources, [MJ] 
1.0E+04 8.1E+04 1.2E+04 4.7E+03 1.7E+03 
Table 3.20 Normalized results for the main impact categories and primary energy demand from 
non-renewable sources (gross HV), in the base case and alternative scenarios. Data in bold italic 
indicate the worst performance for each specific category. 
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For Scenario 1, an additional option was considered. In this case, all the assumptions and 
evaluations of the base case are retained, but it is assumed that the 6.7 tonnes of coconut 
shells necessary for the production of 1 tonne of AC could be alternatively used as biomass 
fuel. On the basis of the composition reported in Table 3.15, p.88, and by using the 
relationships of Sheng and Azevedo (Sheng and Azevedo, 2005) to estimate lower heating 
values, the fuel energy of 6.7 tonnes of coconut shells has been estimated as 110,000 MJ. In 
Indonesia this biofuel could be used for heating/cooking applications or for electrical energy 
production. It has been assumed that coconut shells are burned in a power station of small-
medium size, having an overall net efficiency of electrical energy conversion equal to 16 %. 
This means that the utilization of 6.7 tonnes of coconut shells to produce 1 tonne of AC 
equates to the missed production of 17,700 MJ of electrical energy from biomass. Combining 
with the value of 2,160 MJ for electrical energy consumed in crushing and tumbling (Section 
3.4.1), the environmental burdens associated with the total production of electrical energy 
(17,700 MJ + 2,160 MJ = 19,860 MJ) from the primary energy mix of Indonesia 
(dominated by hard coal) have been added, while those associated with the production of the 
same amount of electricity (17,700 MJ) by biomass sources in Indonesia have been 
subtracted, as reported in Table 3.18. The normalized results, reported in Figure 3.34, 
indicate that the overall GWP impact associated with AC production is increased about seven-
fold in this scenario, due to the strong contribution of hard coal combustion. The conclusions 
reported with respect to the predominant impact categories (Human Toxicity, Acidification 
and Global Warming Potential), and the key role of electricity consumption are substantially 
confirmed, not dependent on the initial assumption related to the burdens associated with 
the coconut shells utilized as raw material. For this scenario, the primary energy demand 
from non-renewable resources is the highest (8.09E + 04 MJ vs 1.04E + 04 MJ in the base 
case). This shows the significant impact of using raw materials for the manufacturing of 
products rather than energy production. 
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Figure 3.34 Normalized results of life cycle impact assessment for the activated carbon production 
in alternative Scenario 1, with coconut shells used as fuel for energy production. 
In the alternative Scenario 2, the distillate products obtained from the carbonization unit are 
not utilized for generation of the energy necessary for the drier but are released into the 
atmosphere, as occurs in some small-scale or old carbonization facilities. The environmental 
burdens for this scenario are listed in Table 3.18. The overall environmental performance of 
the process is poor and dominated by steam generation and inefficient heat recovery. Figure 
3.35 shows the related normalized results in terms of impact categories and highlights that 
Freshwater Aquatic and Terrestrial Ecotoxicity potential are now the most significant local 
impacts, mainly resulting from the high emission of tars, which are treated for purposes of 
impact assessment as naphthalene (Devi et al., 2005). The comparison between Scenario 2 
and the base case highlights the importance of good environmental management at the 
production site and the benefits resulting from integrated management of gases from the 
carbonization step. 
Chapter 3. - Self-Chilling System Environmental Performance: Sustainable Implications Of Technology  
99 
 
Figure 3.35 Normalized results of life cycle impact assessment for the activated carbon production 
in alternative Scenario 2, with distillate products from carbonization unit released into the 
atmosphere without clean-up. 
Scenario 3 explores the possibility of avoiding the Indonesian energy mix by locating the AC 
production in a country, sufficiently close to Indonesia, but with an energy mix dominated 
by renewable sources: it is assumed that the coconut shells are sent from Indonesia to New 
Zealand for processing, with the final product transported to California for its final utilization. 
As expected, and shown clearly by the results in Figure 3.36 and Table 3.20, there is an 
increased impact related to international transportation, but this is more than largely 
compensated by the improvement in performance related to the more sustainable national 
energy mix. On the other hand, the economic costs of the whole AC production increase 
greatly. This scenario shows the lowest impacts for Human Toxicity Potential (0.93E-11 vs 
12E-11 in the base case scenario) and Freshwater Aquatic Toxicity Potential and has impacts 
very close to the lowest for all the other categories, highlighting the relative significance of 
locating production in countries where electrical energy is produced from low-carbon 
sources with clean generation. 
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Figure 3.36 Normalized results of life cycle impact assessment for the activated carbon production 
in alternative Scenario 3, where the raw material is processed in New Zealand. 
Scenario 4 investigates an alternative approach to reduce the impacts arising from the 
dominant utilization of hard coal in the Indonesian national energy mix: it assumes that 
production utilizes coconut shells not only as feedstock for AC production but also as biofuel 
for the production of the electrical energy necessary for the process, mainly in the crushing 
& tumbling unit. For this scenario, most of the assumptions coincide with those for the 
alternative Scenario 1: the biofuel is burned in a power station of small-medium size with 
overall net conversion efficiency of 16 %. Based on LHV estimated using the Sheng and 
Azevedo (2005) relationship, 19,000 tonnes/year of coconut shells are needed. The results 
shown in Figure 3.37 and Table 3.20 indicate that this scenario has one of the best 
environmental performances, similar to Scenario 3 but without the negative considerations 
of larger economic costs. In particular, the reduction of the GWP is as much as 80 %, higher 
than 60 % obtained in the previous scenario, due to the absence of burdens related to 
transportation. This suggests how much the sustainability of AC production could be 
improved by using electrical energy from renewable sources, such as biomass. 
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Figure 3.37 Normalized results of life cycle impact assessment for the activated carbon production 
in alternative Scenario 4, with coconut shells utilized both as feedstock for AC production and as 
biofuel for electrical energy production for crusher & tumbling unit. 
The comparison of all the results is reported in Figure 3.38, with reference to the 
predominant impact categories. The worst environmental performances refer to Scenario 1 
(which considers the coconut shells as a possible biofuel for electric energy production in 
Indonesia) and for Scenario 2 (which assumes that all the distillate products generated by 
the carbonization unit are released into the atmosphere). 
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Figure 3.38 Comparison between the base case and all the alternative scenarios, with reference to 
the predominant impact categories. 
Finally, Figure 3.39 reports just the results for the base case scenario and the two best 
alternative scenarios 3 and 4, which both showed overall better environmental performances. 
 
Figure 3.39 Comparison between the base case and the two best scenarios, in terms of the most 
significant categories. 
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In conclusion, the analysis of these alternative scenarios suggests that the sustainability of 
activated carbon production in Indonesia could be improved greatly, reducing the 
contribution to global warming and local human toxicity, by reducing the electrical energy 
consumptions in the process units of crushing & tumbling, but also by using electrical energy 
from renewable sources, such as biomass. This would help to reduce the local contribution 
to human toxicity (by 60 %) and the global warming (by 80 %). 
If the gases produced by the carbonization reaction are released as wastes rather than used 
as fuels within the process, there are significant environmental impacts in terms of 
freshwater aquatic and terrestrial ecotoxicity. This shows the importance of good 
environmental management of the production site with an efficient integrated process. 
International transportation appears of rather limited environmental significance. Indeed, 
the results highlight the potential environmental benefits of moving activated carbon 
processing to countries where electrical energy is produced from low-carbon sources and by 
means of clean conversion processes: the human toxicity potential can be reduced by up to 
90 %, and the global warming by up to 60 %. 
3.5 CONCLUSIONS FROM THE LCA WORK 
The environmental impacts of the self-chilling beverage can have been evaluated by means 
of an attributional LCA study. The results identified the impact categories of Global Warming 
Potential, Human Toxicity Potential and Acidification Potential as those that play a key role 
in the overall environmental performance of the product. Production of the activated carbon 
(AC) adsorbent for the Heat Exchange Units (HEUs) dominates the overall environmental 
impacts. 
The analysis of alternative scenarios investigated for the interpretation of the LCA, specifically 
developed around the activated carbon production, suggests that its sustainability, and 
consequently that of the whole self-chilling system, can be improved by reducing the 
electrical energy consumption in the process units of crushing and tumbling, by using an 
efficient integrated process and by locating the production where the carbon intensity of the 
electricity supply is low, or by using energy produced in situ from renewable sources such 
as biomass. This would help to reduce the local contribution to human toxicity (by 60 %) and 
the global warming (by 80 %). The results also highlight the importance of good 
environmental management of the production site with an efficient integrated process and 
the potential environmental benefits of moving the activated carbon production to countries 
where electrical energy is produced from low-carbon sources: the human toxicity potential 
can then be reduced by 90 %, and the global warming by 60 %. 
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The environmental impacts of producing the additional components required for the self-
chilling can, particularly the activated carbon used in the Heat Exchange Units, are so large 
that the new system would only represent an environmental improvement over conventional 
beverage cans under very specific circumstances: inefficient chilled storage with an 
electricity system using a high proportion of coal-fired generation. More substantial 
environmental improvements would depend on finding adsorbents with much larger 
capacity and developing a system with very high rates of recovery and re-use. 
The results of the life cycle analysis of the product suggest that modifications to the self-
chilling can design and its product system are required if its use is to become widespread. In 
the next chapter, some possible alternative design solutions to satisfy these requirements are 
reported. 
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4 POSSIBLE DESIGN SOLUTIONS 
The LCA results indicate that the main contributions to the overall environmental impact of 
the chill-on-demand system arise from manufacturing of the activated carbon granules. High 
rates of recovery and re-use of the components and materials of the self-chilling can, as well 
as the production of the adsorbent in countries where electrical energy is produced from 
low-carbon sources by clean conversion processes, have been revealed as measures that 
could make the self-chilling system more competitive with conventional cans. Moreover, the 
reported considerations of the limitations on the technical side, i.e. the limited thermal 
conductivity of the system and the high pressure required due to the current system design, 
have prompted the investigation of some possible alternative design solutions. 
Specifically, these solutions could include modifications of (i) physical design and/or (ii) bed 
components in the HEU. Considering the energy balance in Equation 10, (i) will change in 
relation to the material quantities used, (ii) and to the thermal capacity. 
In particular, in this chapter the behaviour of the system was investigated by changing the 
compaction of the activated carbon bed and its composition, i.e. by mixing strips of 
conductive metals (copper and aluminium) with the activated carbon granules. The former 
had the aim to evaluate the effect of changing the material quantities through reducing the 
compaction of the bed; the latter also that of the thermal capacity through partial substitution 
of the activated carbon with metals which, at the same time, could improve the heat transfer 
between the bed and its surroundings. Both of these approaches could potentially reduce the 
environmental impact of the system by reducing the amount of activated carbon in the bed. 
4.1 COMPACTION OF THE AC BED 
The performance of the adsorbent bed is improved by greater compaction: the amount of 
mass of adsorbent improves the heat transfer. At the same time, however, the mass transfer 
could be reduced; consequently, a structure that is too compact does not necessarily ensure 
a good adsorption efficiency (Li et al., 2015). For these reasons the compaction of the bed is 
potentially an important parameter. The compaction of the HEU investigated in Chapter 2 is 
the maximum allowable. It is possible that this compaction could have reduced the mass 
transfer. The effect of initial compaction on the adsorption efficiency has been therefore 
investigated. 
The initial compaction force of 15 kN was reduced by both 20 % and 50 %. The volume of 
the AC bed was kept constant while the compaction pressure was reduced so that the quantity 
of adsorbent in the bed was reduced. The bed was filled using an Instron solid compression 
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testing machine (see Appendix 1), by applying a force of 12 kN (20 % less than base case) 
and 7.5 kN (50 % less than base case). 
Both the experiments for the thermal conductivity and the adsorption and desorption have 
been carried out following the same procedure used for the base case experiments (see 
Section 2.3.2) under an operating pressure of 6 bar. In these tests, depressurisation was to 
atmospheric pressure, thus simulating a realistic mode of operation for the chill-can. 
The results of the thermal conductivity experiments are reported in detail in Appendix 12. 
The values obtained from the Matlab program, allowing for the differences in mass of AC at 
different compactions of the bed, are listed in Table 4.1. 
Compaction 
[kN] 
Component 
mass 
[g] 
Density 
[kg m-3] 
k 
[W m-1 K-1] 
15 AC 100 590 0.50 
12 AC 95 457 0.40 
7.5 AC 90 300 0.30 
Table 4.1 Thermal conductivity of AC bed at different levels of compaction. 
Reduction in the compacted bed density leads to a reduction in the effective thermal 
conductivity of the bed. The related adsorption and desorption profiles for different bed 
compositions are shown in Figure 4.1 and Figure 4.2. During adsorption (Figure 4.1), no 
particular differences in the temperature profiles can be observed, with the exception of those 
of the internal wall whose maximum temperature decreases from about 70 ˚C at 15 kN and 
12 kN to about 40 ˚C at 7.5 kN. Also, during the desorption process (Figure 4.2), the internal 
wall temperatures are similar for the 12 kN and 15 kN compaction cases, but lower at 7.5 kN. 
This is related to the amount of activated carbon and the consequent thermal conductivity 
reduction. 
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Figure 4.1 CO2 Adsorption at 6 bar and under adiabatic conditions at different levels of compaction 
of the bed. 
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Figure 4.2 CO2 Desorption at 6 bar and under adiabatic conditions at different levels of compaction 
of the bed. 
Table 4.2 reports the change in the external wall temperature from the initial conditions - 
i.e. at the beginning of the desorption - and the final conditions - i.e. at the end of the 
experiment - together with the experimental cooling obtained from Equation 8 and the 
corresponding cooling efficiency (=QExp./QTheo.). Again, the reduction in the cooling effect 
due to the reduced amount of adsorbent and reduced efficiency appears clear. This confirms 
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that the amount of adsorbent in the current design is appropriate for the duty for which the 
self-chilling can is designed, and that mass transfer does not limit the effectiveness of the 
HEU. 
Compaction 
[kN] 
∆TExperimental 
[K] 
QExperimental 
[kJ] 
15 
(BASE CASE) 
7.50 5.10 83% 
12 6.80 4.60 79% 
7.5 5.90 3.90 71% 
Table 4.2 ∆T and Q at different compaction of AC in HEU. 
4.2 COMPOSITION OF THE AC BED 
As reported in Chapter 2, there are several studies in the scientific literature that have 
investigated how to improve the heat transfer in beds of activated carbon particles. 
For the self-chilling system, a recent approach (Demir et al., 2010) which would keep the 
HEU design very simple has been considered. It utilises metal strips incorporated within the 
bed of adsorbent granules. The metals selected for this study are aluminium and copper, both 
of which have a high thermal conductivity: 205 W m-1 K-1 and 401 W m-1 K-1, respectively. 
The results turn out to be in agreement with the study of Demir et al. (2010), showing an 
enhancement of the thermal conductivity of the bed which, in turn, positively affects the 
environmental performance of the system. 
4.2.1 EXPERIMENTS 
The details of these experiments are reported in Appendix 13 (see in particular, Figure A.13.1 
and Figure A.13.2). The experiments were carried out by using common household 
aluminium foil, and sheets of copper. The experimental procedure consists of three steps: 
1. To cut the metals into strips of 0.5x3 cm (Step 1 in Figure 4.3). 
2. To wash the strips with alcohol and to mechanically mix them with the activated 
carbon particles (Step 2 in Figure 4.3). 
3. To compact the bed, containing 5 %wt or 8 %wt of metal strips, by means of the 
Instron solid compression testing machine, applying the standard force of 15 kN 
(Step 3 in Figure 4.3). 
The experiments followed the standard procedure for adsorption and desorption, as detailed 
in Chapter 2: CO2 was adsorbed at 6 bar and the bed was depressurised to atmospheric 
pressure. The Matlab model calculates the thermal conductivity of the bed. 
Table 4.3 reports the results obtained with strips of aluminium and copper. 
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Figure 4.3 Steps for the HEU preparation with AC and aluminium. 
Metal 
%wt 
[-] 
Compaction 
[kN] 
k 
[W m-1 K-1] 
BASE CASE 15 0.50 
Aluminium 
5 15 0.75 
8 15 1.35 
Copper 
5 15 0.55 
8 15 0.60 
Table 4.3 Thermal conductivity of AC bed containing strips of aluminium or copper. 
The enhancement of the thermal conductivity is noticeable, especially with the strips of 
aluminium, which increase the thermal conductivity up to 1.35 W m-1 K-1, i.e. by more than 
170 %. 
The positive consequences on the adsorption processes are reported in Appendix 13 (Figure 
A.13.3 and Figure A.13.4), showing the noteworthy heat transfer improvement. 
Data related to the desorption and cooling effect are reported in Figure 4.4 and Table 4.4 
below. 
Metal 
%wt 
[-] 
∆TExperimental 
[K] 
QExperimental 
[kJ] 

 
BASE CASE 7.50 5.10 83% 
Aluminium 
5 7.40 5.10 79% 
8 7.60 5.20 80% 
Copper 
5 7.30 5.00 80% 
8 7.00 4.80 73% 
Table 4.4 ∆T and Q when the HEU contains AC mixed with metal strips. 
The results show that including conductive metal strips leads to an interesting improvement 
in the effectiveness of the desorption process. 
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Figure 4.4 CO2 desorption at 6 bar and under adiabatic conditions on AGT 702b with aluminium 
(on the left) and copper (on the right). 
With the introduction of copper strips, the process appears quicker than in the base case; 
there is a limited improvement of the heat transfer, which is particularly uniform between 
the central and halfway thermocouple in the case with 8 %wt of copper. 
With the strips of aluminium, the same uniformity is not observed, but in both the 5 %wt and 
8 %wt of metal the process was significantly quicker than in the base case, most markedly in 
the case with 8 %wt of aluminium. In this case, the adsorption appears also very rapid 
(Appendix 13, Figure A.13.3). 
With reference to Table 4.4, where the cooling effect was calculated by means of Equation 8 
(Chapter 2), it can be noticed that the positive results on the thermal conductivity of the bed 
containing 8 %wt of aluminium strips do not correspond well with an improvement in cooling 
efficiency. This could suggest an effect related to the resistance of the wall and consequently 
indicate the necessity for a different design of the HEU, explored further in Chapter 6. 
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Nevertheless, this 8 %wt aluminium design appears a potentially interesting option to improve 
the thermal behaviour of the self-chilling system. 
The inclusion of copper strips does not appear to produce such a positive effect. There are 
some possible reasons for this, and for the differences between the results for copper and 
aluminium. The differences could be related to the shape of the strips utilized, but could also 
be due to non-uniform distribution of the adsorbent and strips in the HEU (the mixing is 
uniform before packing the material in the HEU but during the testing it was difficult to 
monitor and maintain uniformity). Another possible reason is the difference in contact 
surface between the strips of the different metals and the activated carbon particles. The 
metal amount in the AC bed was measured on a weight basis: therefore, the higher copper 
density implied a reduced number of copper strips inside the HEU, and consequently, a 
smaller surface area in contact with the AC particles, which could have decreased the heat 
transfer. 
The results of these experiments with the inclusion of metal strips between the AC particles 
seem to suggest that further studies should be carried out to better investigate the possible 
positive effect on the cooling performance of the desorption process. The type of the metal, 
but also the shape of the strips and their percentage in the bed, should be varied to determine 
the best solution for an improved cooling effect. 
The next paragraph examines how one of these potential new configurations of HEU could 
affect the environmental performance of the self-chilling system. 
4.2.2 ENVIRONMENTAL ASPECTS 
A LCA related to the potential environmental impact of the overall self-chilling beverage can, 
equipped with an HEU composed of activated carbon and 8 %wt of aluminium strips, has been 
carried out. The results are reported in detail in Appendix 13. 
Figure 4.5 shows the normalized potential impact assessments, compared with those for the 
scenarios in which the HEU contains only activated carbon, and with reference to the base 
case and the best HEU recovery scenarios. 
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Figure 4.5 Comparison of the LCIA of the base case and the best HEU recovery with the same 
scenarios related to a bed of AC particles and 8 %wt of aluminium strips. 
The observed improvement is interesting, although still limited because activated carbon is 
always the predominant element of the HEU. This leads again to the same conclusion; i.e. the 
necessity of high recovery rates of the HEU; of an improved adsorbent production chain 
which utilizes electrical energy produced from renewable sources; and, of a modified design 
of the self-chilling can, able to operate with a reduced amount of activated carbon in the 
system. 
4.3 MAIN FINDINGS AND CONCLUSIONS 
In this chapter, two alternative design solutions, to improve the heat transfer and cooling 
efficiency in the self-chilling system and to reduce its environmental impact, have been 
investigated by means of an experimental investigation using the same procedure as 
described in Chapter 2, and at the same operating pressure of 6 bar. 
In the first alternative design solution, the degree of compaction of the bed was reduced (in 
turn, by both 20 % and 50 %). The results confirm that the heat transfer strongly depends on 
the amount of activated carbon in the system, and therefore indicate that the current degree 
of bed compaction in the HEU cannot be reduced. This conclusion does not help the 
environmental impact of the system, which primarily depends on the contribution of the AC 
production. 
The second design solution modified the HEU bed composition by including and mixing strips 
of metals (copper or aluminium) with the activated carbon. Results from the tests with copper 
showed a limited improvement in terms of thermal conductivity and cooling. In contrast, the 
results of the tests with 8 %wt of aluminium in the bed indicate a strong increase in thermal 
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conductivity (170 %) and in the rate of the desorption process (four times quicker than the 
base case). 
For the potential interesting alternative design solution, with 8 %wt of aluminium strips mixed 
in the AC bed, the LCA has been carried out following the same procedure as described in 
Chapter 3: the results show that this solution would also imply a reduction of the overall 
environmental impact of the system. 
These improvements, in terms of technical and environmental performances, appear 
interesting but still limited. Further investigations are necessary to define a design solution 
capable of providing a more significant improvement of the overall performance of the self-
chilling system. 
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5 CONCLUSIONS 
The principles of life cycle engineering have been applied to a particular application of a new 
technology that provides cooled products on demand: a self-chilling beverage can. This 
innovative auto-refrigerant can avoids the requirement for chilled storage and have a 
potential impact on the beverage and refrigeration industry as well as on the consumer habits. 
It uses the cooling effect provided by desorption of carbon dioxide, previously adsorbed onto 
a bed of activated carbon (AC) contained in an inner component of the self-chilling can, 
termed the heat exchange unit (HEU). 
A multidisciplinary approach has been adopted to investigate how to optimize the cooling 
effect on the beverage, by maximizing the heat exchange between the granules of AC and the 
HEU wall, and, at the same time, how to improve the environmental performance of the 
system over its whole life cycle including its manufacturing, use and end-of-life stages. 
The adsorption/desorption process as a means of cooling has been investigated in the specific 
case of carbon dioxide adsorbed onto a bed of activated carbon obtained from coconut shells. 
The heat transfer between the beverage and the HEU wall (and subsequently the AC granules) 
has been studied by means of a specific experimental investigation. This was carried out on 
a simulated heat exchange unit, filled with an adsorbent comprising activated carbon mixed 
with graphite (AGT 702b), under different operating conditions, and supported by a 
transient heat exchange model implemented to estimate the effective thermal conductivity of 
the adsorbent bed. The results revealed an insufficient heat transfer, which could be related 
to the limited thermal conductivity of the activated carbon, estimated to be equal to 0.5 W m-
1 K-1. However, it has been estimated that the required cooling duty of 22 kJ, affected by the 
amount of the material components, can be obtained at an operating pressure of about 23 bar, 
which is only slightly above the range 15-20 bar originally suggested for the can. 
The environmental impacts over the life cycle of the self-chilling beverage can have been 
defined and quantified by means of an attributional LCA. The results indicated that the 
production of the activated carbon granules from coconut shells generates overwhelming 
environmental impacts. The interpretation phase of the LCA study assessed some alternative 
scenarios, specifically defined with reference to different units of the AC production. The 
results suggest how the environmental performances of the process, and thereby those of the 
whole self-chilling system, could be improved: by reducing the electrical energy 
consumption of the crushing and tumbling units; by improving the air pollution control of 
the production site; by using energy produced in situ from renewable sources such as 
biomass; and by moving the AC production to a country where the carbon intensity of the 
electricity supply is low. These solutions would imply significant reductions in the local 
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contributions to human toxicity and global warming potentials (by 60 % and 80 % 
respectively). 
A further experimental investigation explored the potential of a number of alternative design 
solutions for the self-chilling can, to improve the heat transfer in the self-chilling system, 
increase the cooling efficiency and to reduce its environmental impact. The utilisation of 
different degrees of compaction of the AC bed in the HEU (20 % and 50 %) did not result in 
significant improvements in the system performance. Positive results have instead been 
obtained by including strips of copper or aluminium between the AC granules in the HEU. 
The tests with 8 %wt of aluminium in the bed, in particular, showed a strong increase in 
thermal conductivity (170 %) and in the rate of the desorption process. These positive 
outcomes have been further supported by those of a specific LCA of this alternative design 
solution, which indicate that it would be a potential solution for more sustainable 
manufacture of the product. However, other aspects would need to be investigated, such as 
those related to the use/reuse of the aluminium strips and to the necessity of their separation 
from the AC granules to avoid any impact on reactivation and/or recovery of the adsorbents. 
In conclusion, the technology still needs improvement in the design in order to provide a 
better cooling performance, while further studies need to be carried out, for instance 
adopting an activated carbon with a higher content of graphite to improve the rate of cooling 
and heat transfer, or a different design of the heat exchange system, which could avoid the 
utilisation of high values of operating pressure. On the other hand, the environmental 
impacts can be reduced to some extent, to be lower than or comparable with the 
environmental impact of conventional refrigeration, by improving the efficiency of activated 
carbon production and locating that production in countries with a low carbon-intensity 
electricity supply. More substantial environmental improvements would depend on finding 
adsorbents with much larger capacity, and developing a system with very high rates of 
recovery and re-use. 
With the system and can design foreseen at present, unrealistically high rates of recovery, re-
use and recycling of post-use cans are needed to offset the impacts of the additional material 
inputs, amplifying the additional cost of the self-chilling system over conventional cans. The 
self-chilling system does offer environmental advantages where it can displace storage with 
a high carbon footprint. Therefore, it appears to be essentially a ‘niche’ product, to be 
marketed where it would displace low-efficiency chilled retail storage, particularly where 
the electricity supply has a high carbon intensity, and where refrigerated cabinets and 
dispensers are poorly maintained so that they have relatively high refrigerant leakage rates. 
This suggests a prime market including vacation resorts, particularly in the ‘Global South’, 
especially where it has additional convenience value because consumers are reluctant to use 
ice cubes to cool their drinks due to fear of microbiological contamination. Whether high 
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rates of recovery and re-use can be achieved in these markets is an open question. The self-
chilling can also has a role as a convenience product where refrigerators are not available 
(for example, for drivers on long journeys) and where drinks would otherwise be chilled 
inefficiently in portable devices such as ice-boxes (e.g. picnics and camping trips, or drinks 
with sandwiches on the sea shore). 
Thus, the self-chilling beverage system appears not to represent a truly disruptive technology. 
Even if its environmental performance can be improved to the point where it is fully 
competitive with conventional beverage cans, it would not completely displace retail or 
domestic refrigerators, which will still be needed for products which must be kept chilled 
during storage. In view of the restricted market potential for self-chilling beverage cans, the 
assumptions made in the attributional analysis of the LCA are appropriate: the new 
technology would represent a marginal increase in demand for coconut shells as the 
feedstock for production of activated carbon, and a marginal reduction in the use of chilled 
storage. These assumptions can be revisited if the self-chilling technology is ever developed 
to the point where it appears likely to achieve a substantial market share. 
Other possible applications of the chill-on-demand technology remain to be explored. This 
technology, in fact, can be adopted for any products that need to be cold only at the point of 
consumption and for producing instant and on demand cooling for single use. The design 
would need to be carefully adapted for each different application but, with the specific 
improvements already discussed, it would represent an interesting and convenient market 
product. 
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6 SUGGESTIONS FOR FUTURE RESEARCH AND DEVELOPMENT 
6.1 PERFORMANCE OF SELF-CHILLING SYSTEM 
The specific objectives that should be covered by future research are mainly related to: 
 obtaining a further improvement of the cooling performances of the self-chilling can; 
 acquiring more detailed assessment of the environmental performance of its whole 
manufacturing chain; and, 
 combine these to explore the trade-offs between function, cost and environmental 
impact. 
In the current self-chilling can, the activated carbon has a predominant role in limiting both 
the environmental performance, significantly contributing to the environmental impacts of 
the whole chill-on-demand system, and the technical performance, having low thermal 
conductivity. A crucial aspect to obtain sustainable manufacture and use of the self-chilling 
system is, therefore, to define a completely sustainable production, considering technical, 
environmental, economic and social aspects of the activated carbon utilized for “chilling on 
demand”. 
In relation to the cooling required, the first suggestion for future research would be to change 
the composition of the activated carbon by increasing the percentage of graphite with which 
it is bonded. Co-operation with an activated carbon producer or some of the research groups 
working on adsorption refrigeration systems and ENG materials would be important to the 
realization of a better formulation of the activated carbon with the right content of graphite. 
It is clear that collaboration with an activated carbon producer would also facilitate 
improving the sustainability of the process, i.e. from environmental (plant design and 
operating solutions able to limit the energy consumption and the emissions), economic (costs 
of alternative technological solutions) and also social perspectives. 
In addition, in this research it was decided to use activated carbon from coconut shells 
because of its wide availability, low cost, ease of regeneration, lower sensitivity to moisture 
and high adsorptive capacity. However, it could also be interesting to investigate activated 
carbon from other raw materials, such as lignite, which is generally produced in Canada 
(where the energy mix has low carbon intensity, so its manufacturing could be with lower 
environmental impact), or different adsorbents such as the MOFs. This sorbent is mostly used 
in gas separation processes and several studies indicate that it is particularly good for 
pressure swing adsorption units for carbon dioxide (Cavenati et al., 2008; Li et al., 2011). 
Even if, as said in Section 2.2.2, the properties of the MOFs indicate that the activated carbon 
is a material more suitable for this application, they have a high CO2 adsorption capacity, 
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higher than some activated carbons (Cavenati et al., 2008). Therefore, it may also be 
interesting to investigate this material and compare it with the activated carbon, from an 
environmental perspective by means of investigating its manufacturing. 
As part of a wider investigation on different adsorbents or compositions, further research on 
the technology itself could be carried out. Firstly, the adsorption and desorption experiments 
could also be operated at higher pressures; secondly, different designs of the HEU could be 
investigated, for instance, with an HEU simulator with a thickness closer to the real case (the 
current thickness is of about 10 mm but in reality it would be only slightly thicker than a 
conventional can: about 0.85 mm). The results obtained from the experiments could have 
been significantly different if the investigation had been carried out with a thinner container. 
It would, therefore, be interesting to carry out the same experimental work but varying the 
wall thickness. 
Further modifications of the apparatus to improve the thermal conductivity could be also 
undertaken, for example providing aluminium fins within the rig (Figure 6.1). Aluminium 
has an elevated thermal conductivity and several heat exchangers utilized for various and 
different types of application are made with aluminium fins to improve heat transfer (Dong 
et al., 2007; Karthik et al., 2015; Kim and Bullard, 2002). Therefore, this technique could 
potentially increase the contact area between the surface of the aluminium HEU container 
and the sorbent: this would be expected to facilitate a higher, more regular thermal diffusion. 
However, with this design the whole can would become heavier and the compaction testing 
and distribution of the activated carbon in the HEU would become correspondingly more 
complicated. This aspect would need to be carefully addressed. 
 
Figure 6.1 HEU with three aluminium fins. 
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Another design which would increase the contact area not only between the activated carbon 
and HEU but also between the beverage and HEU, could be by shaping the HEU as a star 
(Figure 6.2). This shape could potentially be advantageous although its use could also be 
limited by more difficult compaction testing and distribution of the activated carbon. 
 
Figure 6.2 HEU with a star shape. 
In the alternative solutions investigated in this research (Chapter 4), a good improvement 
has been observed by mixing the activated carbon with strips of metals, in particular with 
aluminium. Other investigations with different sizes of strips or different metals could be 
analysed in addition to the modification of the HEU shape. 
Further modification on the design could include the reusability of the HEU by making it 
unscrew-able and directly reusable. 
The design modification could be helped by implementing a code, able to predict the 
temperature in different positions of the packed bed as functions of time following pressure 
release, and to calculate what happens in the micro and macro pores of the adsorbent. The 
model would represent a further development of that used in this work to analyse the 
transient heat transfer experiments (Chapter 2). This would be important for understanding 
the diffusion of heat (or cooling) through the packed bed of activated carbon and for 
interpreting the experimental results to calculate the basic properties of the adsorbent bed. 
By understanding the desorption and heat transfer in the pores, it would be possible to carry 
out a sensitivity analysis and then evaluate how the cooling effect could be improved by 
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modifying the activated carbon chemical and/or physical structure, increasing the quantity 
of adsorbed carbon dioxide and/or changing the design of the can. 
The related modifications to the Heat Exchange Unit design are mainly motivated by the 
necessity to improve the cooling performance of the can; but it could also strongly affect the 
results of the LCA. The HEU design modifications could imply variations in the shape and 
material composition of the can: the whole self-chilling system would be modelled with 
different proportions of the different materials and the final results would be different. Vice 
versa, the results of the LCA of the product and the evaluation of the costs could again lead 
to the necessity to modify the self-chilling system design. 
Another research area not covered in this EngD that could be interesting to pursue is the 
evaluation of trade-offs between performance, cost and environmental impacts. This 
objective could be pursued by combining the experimental and modelling outcomes related 
to possible improved cooling performances with the results of both the environmental impact 
assessment of the manufacturing chain and of the related cost analyses. 
Regarding the environmental aspects, the recycling system of the can would need to be 
carefully investigated, particularly because of the crucial role that reuse and recycling have 
been shown to have on reducing the environmental impact of the system. This investigation 
would need to be conducted in parallel with the social aspects; as this system may have 
significant, habit-changing impacts on society that could represent an important role in the 
waste management of the product and its correct recycling. 
6.2 OTHER APPLICATIONS 
The chill-on demand system is a technology that can be applied to any type of product that 
needs to be cold only at the point of consumption. In addition to any type of product that is 
used cold, there are also products that “make” cold, which could be designed using self-
chilling systems. Therefore, another interesting area of research could be the investigation 
into other applications for this technology. 
One of the most obvious applications is air conditioning which, as noted in the introduction, 
together with refrigeration, represents a significant source of GHG emissions (Cowan et al., 
2010). There are already several studies that are using solid sorption cooling as an alternative 
refrigeration system and, in particular, are using the duet of activated carbon as a sorbent 
and carbon dioxide as a refrigerant (Goetz and Guillot, 2001; Halder and Sarkar, 2007). 
These studies are based on adsorption refrigeration cycles schematically described in Figure 
6.3 (Halder and Sarkar, 2007; Wang and Vineyard, 2011; Wang et al., 2014). The self-
chilling system would be simpler but, of course, could not substitute an air conditioning 
system for large spaces, like a room, or for long duration. However, it could be an interesting 
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substitute for air conditioning systems, for example of UK cars, where air conditioning is not 
typically a year-round requirement. 
 
Figure 6.3 Adsorption Refrigeration System: A: adsorbent is heated up and the pressure of the 
refrigerant also rises; B: the adsorbent is continuously heated up until it reaches the maximum 
desorption temperature and at the same time the refrigerant is desorbed and is condensed from the 
condenser; C: when de desorption is complete, the bed is cooled down; D: the adsorbent is cooled to 
the adsorption temperature and adsorbs the gas refrigerant inside the evaporator; the adsorbent 
goes back to the stage A (Wang and Vineyard, 2011). 
Wang and Vineyard (2011) also proposed the adsorption refrigeration system for two other 
types of application: in water coolers and ice makers, representing other possible applications 
for the self-chilling technology. 
The function of the water coolers (Figure 6.4) is very similar to the self-chilling system 
because it provides cold water on demand. The energy consumption of this product is already 
low, ≤ 0.18 kWh day-1 (EnergyStar, 2014), but an improved design of the self-chilling 
system could make it an interesting market product. 
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Figure 6.4 Example of a water cooler. 
Similarly, the ice maker is a possible alternative application for the chill on demand system. 
It is a machine (Figure 6.5) that produces ice on demand. It is normally used to provide ice 
in situations where refrigerators are not available (e.g. picnics and camping trips). 
Particularly important, in this case, would be the choice of activated carbon and the 
percentage of graphite used because the T between the ambient temperature and the desired 
temperature would be much higher for this application and so it would require very high 
pressures. 
 
Figure 6.5 Example of an Ice Maker. 
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7 CONTRIBUTION TO KNOWLEDGE 
It has been mentioned that the main aspects of Life Cycle Engineering involved in this project 
are those of the adsorption process and activated carbon utilization. 
With reference to the first, the high emissions of greenhouse gases have directed interest 
towards alternative solutions to conventional refrigeration systems and several studies report 
that adsorption technology is one of the newest alternatives as “cold generator”. Therefore, 
investigations on this process, and on its environmental impact and related improvement 
from both sides, gives a useful contribution to the total and complete knowledge of the 
adsorption and desorption technology. In addition, its utilization for particular application 
“on demand” makes this research unique and innovative. A paper entitled “Life cycle 
engineering of production, use and recovery of self-chilling beverage cans”, which covers 
the environmental aspects of the chill on-demand system, has been submitted for publication 
to the Journal of Cleaner Production. The technical aspects of this technology are included in 
a second paper entitled “An on demand chilling system: activated carbon based desorptive 
cooling” which will be submitted for publication in the Chemical Engineering Journal. 
With reference to the activated carbons, these are considered the materials with the most 
favourable characteristics for adsorption processes thanks to their high porosity and ease of 
compaction into a packed bed. Consequently, activated carbons are often indicated as the 
“material of the future”, due to their excellent performances in a number of process 
applications. What is still poor, however, is the understanding of the environmental impact 
over their whole life cycle, particularly related to the phases of production (mainly the 
activation stage), utilization, reutilization and disposal. This lack of knowledge has been filled 
by means a Life Cycle Assessment, quantifying all the interactions with the environment 
across all stages of the life cycle of coconut based activated carbon produced in Indonesia. 
This study entitled “Life Cycle Assessment of activated carbon production from coconut” has 
been published in the Journal of Cleaner Production, 125 (2016) 68-77; 
http://dx.doi.org/10.1016/j.jclepro.2016.03.073. The complete paper is reported in the 
second Volume in the section dedicated to the published papers. 
7.1 CONFERENCE ATTENDANCES 
This research has been presented at the following conferences and the abstract submitted to 
each of them are reported in the second volume in the section dedicated: 
 EngD Conference 2013- Guildford, UK. Oral Presentation: The ChillCan System. 
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 International Society for Industrial Ecology Conference 2013- Ulsan, South Korea. 
Oral Presentation: Applying the principles of industrial ecology in the development 
of a new consumer product system: self-chilling beverages. 
 The 6th International Conference on Life Cycle Management 2013- Gothenburg, 
Sweden. Poster Presentation: Life Cycle Management in a novel consumer product: 
self-chilling beverage cans. 
 EngD Conference 2014- Guildford, UK. Oral Presentation: The ChillCan system and 
the revolution in beverage refrigeration. 
 PGR Conference 2015- Guildford, UK. Poster Presentation: Life Cycle Engineering on 
activated carbon manufacturing process. 
 International Society for Industrial Ecology Conference 2015- Guildford, UK. Poster 
Presentation: Life Cycle Engineering of a self-chilling beverage can. 
 Carbon 2015- Dresden, Germany. Oral Presentation: Life Cycle Engineering on 
activated carbon manufacturing process. 
 EngD Conference 2015- Guildford, UK. Poster Presentation: Life Cycle Engineering 
of a self-chilling beverage can. 
 Global Cleaner Production & Sustainable Consumption Conference 2015- Sitges, 
Barcelona, Spain. Oral Presentation: Life Cycle Engineering of production, use and 
recovery of self-chilling beverage cans. 
 ECI Conference: Life Cycle Assessment and other assessment tools for waste 
management and resource optimization 2016- Cetraro, Italy. Oral Presentation: 
Resource optimization and sustainable manufacturing in the development of a self-
chilling beverage can. 
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APPENDIX 1: SOLID COMPRESSION PROCEDURE 
The HEU simulator was compacted with activated carbon with the INSTRON 5500R 1175 
machine and the procedure is described below: 
1. The empty rig was completely filled up with the adsorbent and placed on the 
designated compaction area (a in Figure A.1.1); 
2. A piston with internal diameter of the HEU specifically made for this purpose was 
connected to the load cell piston (b in Figure A.1.1); 
3. The piston was lowered into the rig by using the gear located on the machine body (c 
in Figure A.1.1); 
4. The pressurization of the sorbent 
was controlled by using the 
Bluehill software in which the 
load and the hence the 
compaction pressure were set. 
During the compaction period, a 
graph of compressive load (kN) 
against compressive extension 
(mm) was generated by the 
software; 
5. When the compaction load had 
reached the force set up, the 
compaction stopped. Each 
compaction lasted 60 seconds. 
6. The rig was filled again with 
activated carbon and the steps 3-
5 were repeated 3 further times, 
i.e. until the rig was completely 
full of the adsorbent. 
Figure A.1.1 Photo of INSTRON 5500R 1175. 
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APPENDIX 2: LABVIEW PROGRAMMES 
 
Figure A.2.1 LabView front (left) and block (right) panel for pressure recording. 
 
 
Figure A.2.2 LabView front (left) and block (right) panel for temperature recording. 
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APPENDIX 3: EQUATIONS FOR MATLAB CODE 
The experiments carried out to measure the development of the temperature profiles when 
the bed was transferred from ambient conditions to a water bath at 40 °C, without 
introduction of CO2, were fitted to a model of transient heat conduction in the bed by using 
Matlab. The equations specifically developed are reported below. 
List of assumptions: 
1) System approximated to an infinite cylinder; 
2) Heat transfer only in radial direction; 
3) No reaction; 
4) No internal source of heat; 
5) Fourier’s law applies to the solid. 
 
 
 
 
Figure A.3.1 Section through the cylinder 
It is intended to solve the unsteady state heat transfer where r is radial position as illustrated 
in Figure A.3.1. The heat flux is then a function of the time (t) and radius, Q(r,t). 
The energy balance on the cylindrical control volume can be written as: 
IN = OUT+ ACC 
Equation 11 
2πrQ(r, t) = 2π(r + ∆r)Q(r + ∆r, t) +
∂
∂t
(2πr∆rρCp∆T) 
Equation 12 
Nomenclature: 
𝛼 = 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦 [
𝑚2
𝑠
] 
𝐶𝑝 = 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 [
𝐽
𝑘𝑔 𝐾
] 
ℎ = 𝑟/𝑛 [m] 
𝑘 = 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 [
𝑊
𝐾 𝑚
] 
𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑟𝑖𝑑 𝑝𝑜𝑖𝑛𝑡𝑠 [−] 
𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [
𝑘𝑔
𝑚3
] 
𝑇 = 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 [𝐾] 
𝑡 = 𝑡𝑖𝑚𝑒 [𝑠] 
𝑟 = 𝑟𝑎𝑑𝑖𝑢𝑠 [𝑚] 
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For the Fourier's law: 
Q = −k
∂T
∂r
  
Equation 13 
Therefore, Equation 12 becomes: 
−2πr k
∂T
∂r
|
𝑟
= −2π(r + ∆r) k
∂T
∂r
|
𝑟+∆𝑟
+ 2πr∆rρCp
∂T
∂t
 
Equation 14 
Dividing by k, where 
k
ρCp
=  α: 
−2πr
∂T
∂r
|
𝑟
= −2π(r + ∆r)
∂T
∂r
|
𝑟+∆𝑟
+ 2πr∆r
1
𝛼
∂T
∂t
 
Equation 15 
Dividing by 2rr, Equation 15 can be written as: 
−
1
∆𝑟
∂T
∂r
|
𝑟
= −
1
∆𝑟
∂T
∂r
|
𝑟+∆𝑟
−
1
𝑟
∂T
∂r
|
𝑟+∆𝑟
+
1
𝛼
∂T
∂t
 
Equation 16 
∂T
∂r
 is a function of r, therefore: 
∂T
∂r
|
𝑟
= 𝑔(𝑟) and 
∂T
∂r
|
𝑟+∆𝑟
= 𝑔(𝑟 + ∆𝑟) 
Equation 16 becomes: 
𝑔(𝑟 + ∆𝑟) − 𝑔(𝑟)
∆𝑟
+
1
𝑟
 𝑔 (𝑟 + ∆𝑟) =
1
𝛼
∂T
∂t
 
Equation 17 
and letting r 0: 
∂
∂r
(
∂T
∂r
) +
1
𝑟
𝜕𝑇
𝜕𝑟
=
1
α
∂T
∂t
 
Equation 18 
Equation 18 yields Equation 19: 
 
1
r
∂
∂r
(r
∂T
∂r
) =
1
α
∂T
∂t
 
Equation 19 
The programme solves Equation 19 using the method of lines, whereby the space domain is 
discretised to generate a set of ordinary differential equations (ODEs) in time. Specifically, a 
central finite difference discretization method was used to generate: 
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∂T
∂t
=
α
ri
ri+T(i+1) − 2riTi + ri−T(i−1)
h2
 
At the initial condition (t=0), the temperature is considered uniform throughout the bed. The 
measured time profile of the temperature in the bed adjacent to the wall was used as the 
boundary condition at the wall. 
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APPENDIX 4: MATLAB CODE FOR HEAT TRANSFER IN A 
CYLINDRICAL BED  
% Model for heat transfer in a cylindrical bed with wall 
temperature 
% non-constant.  
clear 
clc 
global alpha bed_radius T_wall n h 
global cpw a_wall m_wall htc  
global cp_bed rho_bed k_bed 
% 
n=200; % number of grid points 
% define position points in bed for plotting 
n_quart= round(n/4); 
n_half= round(n/2); 
n_3quart= round(0.75*n); 
% 
k_bed = 1; % guessed thermal conductivity of AC (with graphene), 
W/m-K 
cp_bed = 1340; % heat capacity of AC, J/kg-K 
rho_bed =590; % bed density, kg/m3 
alpha = k_bed/(cp_bed*rho_bed); 
bed_radius=0.0215; 
T_wall= 297; 
T_bed0 = 297; % bed temperature straight after depressurisation 
(assumed uniform) 
h = bed_radius/n;  
rho_w = 8000; % HEU wall density (stainless steel), Kg/m3 
cpw =500; % HEU wall heat capacity (stainless steel), J/kg-K 
HEU_thickness=0.01; % HEU wall thickness 
HEU_L= 0.11; % HEU length 
HEU_di = bed_radius*2; % HEU inner diameter 
HEU_do = HEU_di+(2*HEU_thickness); % HEU outer diameter 
a_wall = pi*HEU_di*HEU_L; 
m_wall = rho_w*((pi*HEU_L/4)*(HEU_do^2-HEU_di^2)); % HEU wall 
mass assuming cycliner and neglecting ends 
% 
htc = k_bed/h; % Wall to bed htc assuming stagnant gas, i.e. 
thermal conduction only, W/m2-K 
% 
Tb_init = zeros(1,n); 
Tb_init(1)=T_wall; 
Tb_init(2:n)=T_bed0; 
t_start=0; 
t_end=1000; 
 
[t,Tb] = ode23s('eqn_for_Twr', [t_start t_end],Tb_init, 
'RelTol',1e-8); 
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plot (t, Tb(:,1),t, Tb(:,2), t, Tb(:,n_quart), t, Tb(:,n_half),t, 
Tb(:,n)) 
xlabel('time [sec]') % x-axis label 
ylabel('Temperature [K]') % y-axis label 
saveas(gcf,'matlab1.png') 
  
 
% ode function for CFDM 
function [ dT_dt ] = eqn_for_Twr(t,Tb) 
  
%-------------------------------------------------------------
------------- 
% Definition of Global Parameters 
  
global alpha bed_radius T_wall n h 
global cpw a_wall m_wall htc  
global cp_bed rho_bed k_bed  
global kbest tf ts T Tb_init 
%-------------------------------------------------------------
------------- 
% 
dT_dt=zeros(1,n); 
  
dT_dt(1)=(-6*6.3506386960e-16*t^5+5*2.2830390985e-12*t^4-
4*3.2527552516e-9*t^3+3*2.3418969423e-6*t^2-2*9.0294705180e-
04*t^1+1.8305773439e-01); 
  
  
  
for i=2:(n-1) 
   ri= bed_radius-(i-1)*h; 
   ri_plus=bed_radius-(i)*h; 
   ri_minus=bed_radius-(i-2)*h; 
   dT_dt(i)=(alpha/ri)*(ri_plus*Tb(i+1)-
2*ri*Tb(i)+ri_minus*Tb(i-1))/(h^2);  
end 
  
dT_dt(n)=dT_dt(n-1); 
%-------------------------------------------------------------
------------ 
dT_dt=dT_dt'; 
end 
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APPENDIX 5: MATLAB PROGRAM FOR THERMAL CONDUCTIVITY 
OPTIMIZATION  
Optimization for k 
clear all 
close all 
clc 
  
global ts Ts Te to To tf T h n bed_radius 
global kbest cp_bed rho_bed alpha 
  
n=5; % number of grid points 
bed_radius=0.0215; 
h = bed_radius/n; 
  
ts =[0:0.45:500]; 
Ts= [296.003515 296.010874… 312.38755   312.383907  312.391193  
312.398327  312.402275  312.402122  312.405918  312.610641]; 
 
Te=Ts(length(Ts)); 
   
k_bedo = 1; % guessed thermal conductivity of AC (with graphene), 
W/m-K 
  
cp_bed = 1340; % heat capacity of AC, J/kg-K 
rho_bed =590; % bed density, kg/m3 
  
alphao = k_bedo/(cp_bed*rho_bed); 
  
l=[alphao]; 
to=ts (1); 
To=zeros(1,n); 
To(1:n)=Ts(1); 
tf=ts(length(ts)); 
  
kbest=fminsearch('Interpl_kbb_not_working',l); 
  
alpha=kbest(1); 
%Yo(1)=To; 
options = odeset ('RelTol',1e-2); 
[t,Tb] = ode23s('eqn_for_kbb_not_working', [0 tf], To, options); 
    T=Tb(:,n); 
    
Tc=interp1(t,T,ts,'spline'); 
  
plot (ts, Tc(:,n),ts, Ts,'o'); 
  
disp ([('alpha='),num2str(kbest(1))]); 
%Interpolation function 
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function s=Interpl_kbb_not_working(x) 
global ts Ts Te to To tf T h n bed_radius 
global kbest cp_bed rho_bed alphao 
alphao=x(1); 
%Yo(1)=To; 
options = odeset('RelTol',1e-8); 
    [t,Tb] = ode23s('eqn_for_kbb_not_working', [0 tf], To, 
options); 
    T=Tb(:,n); 
  
Tc=interp1(t,T,ts,'spline'); 
  
 drawnow 
plot(t,T,'k',ts,Ts,'ok');   
s=(sum((Ts-Tc).^2));  
 
  
% ode function  
function [dT_dt] = eqn_for_kbb_not_working (t,Tb) 
  
%-------------------------------------------------------------
------------- 
% Definition of Global Parameters 
  
global alphao bed_radius T_wall n h 
global cpw a_wall m_wall htc  
global cp_bed rho_bed k_bed  
global kbest tf ts T Tb_init 
%-------------------------------------------------------------
------------- 
 
dT_dt=zeros(1,n); 
dT_dt(1)=(-6*6.3506386960e-16*t^5+5*2.2830390985e-12*t^4-
4*3.2527552516e-9*t^3+3*2.3418969423e-6*t^2-2*9.0294705180e-
04*t^1+1.8305773439e-01); 
   
for i=2:(n-1) 
   ri= bed_radius-(i-1)*h; 
   ri_plus=bed_radius-(i)*h; 
   ri_minus=bed_radius-(i-2)*h; 
   
    
   dT_dt(i)=(alphao/ri)*(ri_plus*Tb(i+1)-
2*ri*Tb(i)+ri_minus*Tb(i-1))/(h^2);  
  
end 
dT_dt(n)=dT_dt(n-1); 
%-------------------------------------------------------------
------------ 
dT_dt=dT_dt'; 
end  
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APPENDIX 6: TRANSPORT OF POST-USE RECOVERED CANS 
SELF- CHILLING CAN 
Calculation are based on a Euro 4 diesel truck with a payload capacity 27 tonnes weight. It 
is assumed that the track carries only self-chilling cans and makes the return journey empty; 
i.e. the load factor is 0.5. The GHG emissions from the supply and use of the diesel fuel are 
4.31E-05 kgCO2(e) per km; i.e. 8.62E-05 kg per km over which the load is transported 
allowing for the empty return journey. 
One empty self-chilling can has a mass of 0.180 kg. Therefore, if limited by weight, one truck 
can carry 150,838 cans. The GWP impact of transport per can is 5.71E-10 kgCO2(e) per km. 
CONVENTIONAL CANS 
Calculation are based on a Euro 4 diesel truck with a payload capacity 27 tonnes weight. It 
is assumed that the track carries only conventional cans and makes the return journey empty; 
i.e. the load factor is 0.5. The GHG emissions from the supply and use of the diesel fuel are 
4.31E-05 kgCO2(e) per km; i.e. 8.62E-05 kg per km over which the load is transported 
allowing for the empty return journey. 
One empty aluminium can has a mass of 0.012 kg and one tinplate can has a mass of 
0.025 kg. Therefore, if limited by weight, one truck can carry 2,200,000 aluminium cans 
and 1,100,000 tinplate cans. The GWP impact of transport per aluminium can is 3.92E-
11 kgCO2(e) per km and tinplate can is 7.84E-11 kgCO2(e) per km.  
 
Appendices 
147 
APPENDIX 7: DIRECT AND INDIRECT BURDENS OF THE SELF-CHILLING SYSTEM 
Material Quantities, kg        Energy, MJ  
Steel 0.03 Virgin Aluminium 0.0103    Total steel IN 0.0300 
Energy pressurization 
CO2 
0.061325 
Aluminium 0.039 Virgin Steel 0.0180    Total aluminium IN 0.0390 Energy AC compaction 0.0864 
Activated Carbon 0.11 Fresh Carbon 0.0330    Total AC IN 0.1100 Total Energy 1.48E-01 
Carbon Dioxide 0.055 Aluminium Recycled 0.0095    HEU 0.2040 Energy for regeneration 83.16 
  Steel Recycled 0.0120    Total steel OUT 0.0300   
Pre-use fraction of recycled steel 0.4 HEU Landfill 0.0447    Total aluminium OUT 0.0390   
Pre-use fraction of virgin steel 0.6 Steel Landfill 0.0090    Total AC OUT 0.1100   
    HEU RECOVERED 0.1043     
Post-use fraction of steel recovered 0.7   Conversion factor Effective value avoided     
Post-use fraction of steel to landfill 0.3 Steel for Recovery 0.0210 0.9524 
Metals 
Avoided 
Burdens 
0.0120 
From Virgin steel 
Process 
   
     0.0084 
From recycled steel 
Process 
   
Pre-use fraction of recycled aluminium 0.48 Aluminium for Recovery 0.0082 0.9615 0.0041 From Virgin Al Process    
Pre-use fraction of virgin aluminium 0.52    0.0039 
From recycled Al 
Process 
   
Post-use fraction of HEUs recovered 0.7 AC Regenerated 0.0231 0.8500 0.0196     
Post-use fraction of HEUs to landfill 0.3          
Fraction of recovered aluminium reused 0.7 AC Reused 0.0539        
Fraction of recovered aluminium recycled 0.3 Aluminium Reused 0.0191        
Fraction of recovered carbon re-used 0.7          
Fraction of regenerated activated carbon 0.3          
Table A.7.1 Direct and indirect burdens of the self-chilling system. 
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APPENDIX 8: THE ROLE OF METAL USE AND RECYCLING 
In order to investigate the best allocation procedure related to the recycling of steel and 
aluminium, four different LCA scenarios for metals reprocessing were analysed. The life cycle 
assessment was carried out in line with the ISO standards (ISO-14040, 2006; ISO-14044, 
2006). The aim of the analysis was to contribute to the existing debate about the definition 
of preferred procedures for assessment of recycling of metals (steel and aluminium in this 
case) (Gala et al., 2015). The goal of the study was thus to compare across the full life cycle, 
the potential environmental impacts of four different scenarios of steel recycling. This helped 
in identifying which is the most realistic “recycling scenario” to include in the LCA of the 
whole chill-on-demand system. 
The functional unit for this part of the analysis is 1 kg of steel can used in the chill-on-
demand system. 
In each of the selected scenarios, the steel can is composed of 60 % of virgin material and of 
40 % of recycled steel, according to information published by the World Steel Association 
(WSA, 2011) and it is assumed that the 30 % of the end-of-use cans is lost to landfill, and 
70 % are reprocessed. All the direct and indirect burdens connected to steel reprocessing are 
taken into account. 
Below are reported the four scenarios resulted from the different allocation procedures. 
1. Scenario 1, Steel A: The avoided burdens taken into account are those related to 
the production of the amount of “primary steel”, which is assumed to be displaced 
by the system (see Figure A.8.1). This amount has been estimated to be reduced 
with respect to the total amount of recovered tinplate scraps (0.7 kg) by a factor 
of 0.952 (WSA, 2011). 
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Figure A.8.1 “Steel A” modelled in GaBi. 
Figure A.8.2 reports the LCIA results for this scenario and shows a large negative 
(avoided) impact to steel reprocessing, in terms of GWP, AP, HTP and POCP. This 
affects the overall performance, leading to a limited amount of positive potential 
impacts. 
 
Figure A.8.2 LCIA of “STEEL A” scenario. 
Appendices 
150 
2. Scenario 2, Steel A2: Here the avoided burdens taken into account are those 
related to the production of the amount of “secondary steel”, which is assumed to 
be displaced by the system (see Figure A.8.3). The value -0.7 indicates the quantity 
of secondary steel that can be produced with the 0.7 kg of scraps provided from 
the system. 
 
Figure A.8.3 “Steel A2” modelled in GaBi. 
 
Figure A.8.4 LCIA of “STEEL A2” scenario.  
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Figure A.8.4 reports the LCIA for this scenario. As expected, the picture changes 
remarkably, since the avoided burdens related to steel tinplate reprocessing are 
much lower. Accordingly, there is a worsening of the overall environmental 
performance. The four dominant categories are still those of acidification, global 
warming and photochemical ozone creation potential. 
3. Scenario 3, Steel B: It is assumed that recovered cans displace primary as well as 
secondary steel. The relative percentages (60 % and 40 %) are those indicated in 
official reports as those utilized in the market (WSA, 2011). This method has been 
recently proposed in other studies (Gala et al., 2015), and then the recycled 
materials are assumed to replace not the virgin materials but the average mix of 
virgin and recycled materials really utilized by the market. Again, the amount of 
displaced primary steel has been estimated to be reduced with respect to the total 
amount of recovered tinplate scraps by a factor of 0.952 (WSA, 2011), while this 
factor is equal to 1 for the displacement of secondary steel. 
 
Figure A.8.5 “Steel B” modelled in GaBi. 
Figure A.8.6 reports the LCIA results for this allocation procedure. The four dominant 
categories are still GWP, AP, HTP and POCP and, as expected, the overall 
environmental performance of the system under study shows intermediate results. 
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Figure A.8.6 LCIA of “STEEL B” scenario. 
4. Scenario 4, Steel C: Here, it is assumed that the recovered metals are directly 
utilized for the reprocessing of the chill-on-demand system (i.e. “closed loop” 
recycling). As a consequence, they contribute to the avoided burdens only 
partially (see Figure A.8.7). 
 
Figure A.8.7 “Steel C” modelled in GaBi. 
Figure A.8.8 reports the LCIA results for this last allocation procedure scenario. 
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Figure A.8.8 LCIA of “STEEL C”. 
In conclusion, the analysis of the four possible allocation procedures suggests that:  
• Scenario A gives too large an environmental advantage to the metal reprocessing, 
while on the contrary scenario A2 penalizes the recycling process too much;  
• Scenario C is interesting but it appears unlikely that complete re-utilization of tinplate 
scrap could really be possible, from both a logistic and an economic point of view; 
• The scenario appearing more realistic for steel (and aluminium) reprocessing inside 
the chill-on-demand system is that indicated as “B”, which appears more well-
balanced. These conclusions are also supported by similar assumptions made in 
studies related to waste management options (recycling and thermal treatments), 
where there is a comparable allocation problem of recovered metals (Evangelisti et 
al., 2015; Gala et al., 2015). 
The latter procedure is that adopted for the steel and aluminium scraps in the LCA of the 
chill-on-demand system. 
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APPENDIX 9: LCIA OF DIFFERENT SCENARIOS 
BEST HEU RECOVERY 
Activated Carbon 
 Production 
of AC 
AC 
Regeneration 
AC 
Regenerated 
Abiotic Depletion [kg Sb-Equiv.] 8.63E-18 0.00E+00 0.00E+00 
Acidification Potential [kg SO2-Equiv.] 9.06E-16 0.00E+00 0.00E+00 
Eutrophication Potential [kg Phosphate-Equiv.] 1.18E-16 0.00E+00 0.00E+00 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 4.74E-16 0.00E+00 0.00E+00 
Global Warming Potential [kg CO2-Equiv.] 4.66E-16 0.00E+00 0.00E+00 
Human Toxicity Potential [kg DCB- Equiv.] 2.56E-15 0.00E+00 0.00E+00 
Ozone Layer Depletion Potential [kg R11-Equiv.] 1.85E-21 0.00E+00 0.00E+00 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 3.44E-16 0.00E+00 0.00E+00 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 2.46E-16 0.00E+00 0.00E+00 
Aluminium 
 Virgin 
Aluminium 
Secondary 
Aluminium 
Aluminium 
Reprocessing 
Abiotic Depletion [kg Sb-Equiv.] 1.23E-18 6.22E-18 0.00E+00 
Acidification Potential [kg SO2-Equiv.] 1.51E-17 6.95E-18 0.00E+00 
Eutrophication Potential [kg Phosphate-Equiv.] 2.01E-18 8.71E-19 0.00E+00 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 6.78E-19 3.37E-19 0.00E+00 
Global Warming Potential [kg CO2-Equiv.] 2.75E-17 2.27E-17 0.00E+00 
Human Toxicity Potential [kg DCB- Equiv.] 1.58E-17 7.24E-18 0.00E+00 
Ozone Layer Depletion Potential [kg R11-Equiv.] 1.75E-19 5.72E-20 0.00E+00 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 1.02E-17 4.71E-18 0.00E+00 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 9.91E-19 4.83E-19 0.00E+00 
Steel 
 
Virgin Steel 
Secondary 
Steel 
Steel 
Reprocessing 
Abiotic Depletion [kg Sb-Equiv.] -7.70E-18 5.16E-18 1.52E-18 
Acidification Potential [kg SO2-Equiv.] 4.72E-16 6.31E-17 -3.59E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 5.12E-17 7.90E-18 -3.97E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 3.44E-17 3.56E-18 -2.54E-17 
Global Warming Potential [kg CO2-Equiv.] 1.11E-15 1.17E-16 -8.20E-16 
Human Toxicity Potential [kg DCB- Equiv.] 1.52E-15 8.70E-17 -1.07E-15 
Ozone Layer Depletion Potential [kg R11-Equiv.] 4.76E-18 1.25E-21 -3.17E-18 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 4.66E-16 4.14E-17 -3.39E-16 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 5.35E-17 6.88E-18 -4.05E-17 
Other processes 
 
Landfill 
Transport to 
Store 
Processing of 
AC and CO2 
Abiotic Depletion [kg Sb-Equiv.] 6.77E-20 0.00E+00 1.73E-17 
Acidification Potential [kg SO2-Equiv.] 1.77E-18 0.00E+00 3.90E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 4.62E-19 0.00E+00 3.17E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 1.61E-19 0.00E+00 2.03E-17 
Global Warming Potential [kg CO2-Equiv.] 2.19E-18 3.69E-22 6.62E-16 
Human Toxicity Potential [kg DCB- Equiv.] 1.35E-18 0.00E+00 6.36E-16 
Ozone Layer Depletion Potential [kg R11-Equiv.] 1.19E-23 0.00E+00 4.45E-20 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 1.39E-18 0.00E+00 1.56E-16 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 8.20E-19 0.00E+00 1.53E-17 
Table A.9.1 LCIA of the single processes of the Best HEU Recovery Scenario. 
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SCENARIO 1 
Activated Carbon 
 Production 
of AC 
AC 
Regeneration 
AC 
Regenerated 
Abiotic Depletion [kg Sb-Equiv.] 3.37E-17 -7.76E-18 9.13E-18 
Acidification Potential [kg SO2-Equiv.] 2.46E-15 -1.95E-16 2.29E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 4.10E-16 -1.60E-17 1.88E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 1.39E-15 -9.54E-18 1.12E-17 
Global Warming Potential [kg CO2-Equiv.] 5.43E-16 -2.21E-16 2.60E-16 
Human Toxicity Potential [kg DCB- Equiv.] 6.13E-16 -2.21E-16 2.61E-16 
Ozone Layer Depletion Potential [kg R11-Equiv.] 7.54E-22 -3.04E-20 3.58E-20 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 9.93E-16 -7.39E-17 8.70E-17 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 6.19E-16 -1.12E-17 1.32E-17 
Aluminium 
 Virgin 
Aluminium 
Secondary 
Aluminium 
Aluminium 
Reprocessing 
Abiotic Depletion [kg Sb-Equiv.] 6.31E-18 3.17E-17 -1.54E-17 
Acidification Potential [kg SO2-Equiv.] 7.69E-17 3.54E-17 -4.50E-17 
Eutrophication Potential [kg Phosphate-Equiv.] 1.02E-17 4.44E-18 -5.87E-18 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 3.46E-18 1.72E-18 -2.07E-18 
Global Warming Potential [kg CO2-Equiv.] 1.40E-16 1.16E-16 -1.03E-16 
Human Toxicity Potential [kg DCB- Equiv.] 8.07E-17 3.69E-17 -4.70E-17 
Ozone Layer Depletion Potential [kg R11-Equiv.] 8.91E-19 2.92E-19 -4.72E-19 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 5.22E-17 2.40E-17 -3.05E-17 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 5.05E-18 2.47E-18 -3.01E-18 
Steel 
 
Virgin Steel 
Secondary 
Steel 
Steel 
Reprocessing 
Abiotic Depletion [kg Sb-Equiv.] -7.70E-18 5.16E-18 1.52E-18 
Acidification Potential [kg SO2-Equiv.] 4.72E-16 6.31E-17 -3.59E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 5.12E-17 7.90E-18 -3.97E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 3.44E-17 3.56E-18 -2.54E-17 
Global Warming Potential [kg CO2-Equiv.] 1.11E-15 1.17E-16 -8.20E-16 
Human Toxicity Potential [kg DCB- Equiv.] 1.52E-15 8.70E-17 -1.07E-15 
Ozone Layer Depletion Potential [kg R11-Equiv.] 4.76E-18 1.25E-21 -3.17E-18 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 4.66E-16 4.14E-17 -3.39E-16 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 5.35E-17 6.88E-18 -4.05E-17 
Other processes 
 
Landfill 
Transport to 
Store 
Processing of 
AC and CO2 
Abiotic Depletion [kg Sb-Equiv.] 6.77E-20 0.00E+00 1.73E-17 
Acidification Potential [kg SO2-Equiv.] 1.77E-18 0.00E+00 3.90E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 4.62E-19 0.00E+00 3.17E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 1.61E-19 0.00E+00 2.03E-17 
Global Warming Potential [kg CO2-Equiv.] 2.19E-18 3.69E-22 6.62E-16 
Human Toxicity Potential [kg DCB- Equiv.] 1.35E-18 0.00E+00 6.36E-16 
Ozone Layer Depletion Potential [kg R11-Equiv.] 1.19E-23 0.00E+00 4.45E-20 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 1.39E-18 0.00E+00 1.56E-16 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 8.20E-19 0.00E+00 1.53E-17 
Table A.9.2 LCIA of the single processes of the Scenario 1. 
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SCENARIO 2 
Activated Carbon 
 Production 
of AC 
AC 
Regeneration 
AC 
Regenerated 
Abiotic Depletion [kg Sb-Equiv.] 2.79E-17 -7.76E-18 9.13E-18 
Acidification Potential [kg SO2-Equiv.] 1.55E-15 -1.95E-16 2.29E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 3.90E-16 -1.60E-17 1.88E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 1.41E-15 -9.54E-18 1.12E-17 
Global Warming Potential [kg CO2-Equiv.] 3.23E-16 -2.21E-16 2.60E-16 
Human Toxicity Potential [kg DCB- Equiv.] 2.82E-15 -2.21E-16 2.61E-16 
Ozone Layer Depletion Potential [kg R11-Equiv.] 2.05E-21 -3.04E-20 3.58E-20 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 1.24E-15 -7.39E-17 8.70E-17 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 8.21E-16 -1.12E-17 1.32E-17 
Aluminium 
 Virgin 
Aluminium 
Secondary 
Aluminium 
Aluminium 
Reprocessing 
Abiotic Depletion [kg Sb-Equiv.] 6.31E-18 3.17E-17 -1.54E-17 
Acidification Potential [kg SO2-Equiv.] 7.69E-17 3.54E-17 -4.50E-17 
Eutrophication Potential [kg Phosphate-Equiv.] 1.02E-17 4.44E-18 -5.87E-18 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 3.46E-18 1.72E-18 -2.07E-18 
Global Warming Potential [kg CO2-Equiv.] 1.40E-16 1.16E-16 -1.03E-16 
Human Toxicity Potential [kg DCB- Equiv.] 8.07E-17 3.69E-17 -4.70E-17 
Ozone Layer Depletion Potential [kg R11-Equiv.] 8.91E-19 2.92E-19 -4.72E-19 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 5.22E-17 2.40E-17 -3.05E-17 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 5.05E-18 2.47E-18 -3.01E-18 
Steel 
 
Virgin Steel 
Secondary 
Steel 
Steel 
Reprocessing 
Abiotic Depletion [kg Sb-Equiv.] -7.70E-18 5.16E-18 1.52E-18 
Acidification Potential [kg SO2-Equiv.] 4.72E-16 6.31E-17 -3.59E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 5.12E-17 7.90E-18 -3.97E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 3.44E-17 3.56E-18 -2.54E-17 
Global Warming Potential [kg CO2-Equiv.] 1.11E-15 1.17E-16 -8.20E-16 
Human Toxicity Potential [kg DCB- Equiv.] 1.52E-15 8.70E-17 -1.07E-15 
Ozone Layer Depletion Potential [kg R11-Equiv.] 4.76E-18 1.25E-21 -3.17E-18 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 4.66E-16 4.14E-17 -3.39E-16 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 5.35E-17 6.88E-18 -4.05E-17 
Other processes 
 
Landfill 
Transport to 
Store 
Processing of 
AC and CO2 
Abiotic Depletion [kg Sb-Equiv.] 6.77E-20 0.00E+00 1.73E-17 
Acidification Potential [kg SO2-Equiv.] 1.77E-18 0.00E+00 3.90E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 4.62E-19 0.00E+00 3.17E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 1.61E-19 0.00E+00 2.03E-17 
Global Warming Potential [kg CO2-Equiv.] 2.19E-18 3.69E-22 6.62E-16 
Human Toxicity Potential [kg DCB- Equiv.] 1.35E-18 0.00E+00 6.36E-16 
Ozone Layer Depletion Potential [kg R11-Equiv.] 1.19E-23 0.00E+00 4.45E-20 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 1.39E-18 0.00E+00 1.56E-16 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 8.20E-19 0.00E+00 1.53E-17 
Table A.9.3 LCIA of the single processes of the Scenario 2. 
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SCENARIO 3 
Activated Carbon 
 Production 
of AC 
AC 
Regeneration 
AC 
Regenerated 
Abiotic Depletion [kg Sb-Equiv.] 1.12E-17 0.00E+00 0.00E+00 
Acidification Potential [kg SO2-Equiv.] 8.19E-16 0.00E+00 0.00E+00 
Eutrophication Potential [kg Phosphate-Equiv.] 1.37E-16 0.00E+00 0.00E+00 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 4.65E-16 0.00E+00 0.00E+00 
Global Warming Potential [kg CO2-Equiv.] 1.81E-16 0.00E+00 0.00E+00 
Human Toxicity Potential [kg DCB- Equiv.] 2.04E-16 0.00E+00 0.00E+00 
Ozone Layer Depletion Potential [kg R11-Equiv.] 2.52E-22 0.00E+00 0.00E+00 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 3.32E-16 0.00E+00 0.00E+00 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 2.06E-16 0.00E+00 0.00E+00 
Aluminium 
 Virgin 
Aluminium 
Secondary 
Aluminium 
Aluminium 
Reprocessing 
Abiotic Depletion [kg Sb-Equiv.] 1.23E-18 6.22E-18 0.00E+00 
Acidification Potential [kg SO2-Equiv.] 1.51E-17 6.95E-18 0.00E+00 
Eutrophication Potential [kg Phosphate-Equiv.] 2.01E-18 8.71E-19 0.00E+00 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 6.78E-19 3.37E-19 0.00E+00 
Global Warming Potential [kg CO2-Equiv.] 2.75E-17 2.27E-17 0.00E+00 
Human Toxicity Potential [kg DCB- Equiv.] 1.58E-17 7.24E-18 0.00E+00 
Ozone Layer Depletion Potential [kg R11-Equiv.] 1.75E-19 5.72E-20 0.00E+00 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 1.02E-17 4.71E-18 0.00E+00 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 9.91E-19 4.83E-19 0.00E+00 
Steel 
 
Virgin Steel 
Secondary 
Steel 
Steel 
Reprocessing 
Abiotic Depletion [kg Sb-Equiv.] -7.70E-18 5.16E-18 1.52E-18 
Acidification Potential [kg SO2-Equiv.] 4.72E-16 6.31E-17 -3.59E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 5.12E-17 7.90E-18 -3.97E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 3.44E-17 3.56E-18 -2.54E-17 
Global Warming Potential [kg CO2-Equiv.] 1.11E-15 1.17E-16 -8.20E-16 
Human Toxicity Potential [kg DCB- Equiv.] 1.52E-15 8.70E-17 -1.07E-15 
Ozone Layer Depletion Potential [kg R11-Equiv.] 4.76E-18 1.25E-21 -3.17E-18 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 4.66E-16 4.14E-17 -3.39E-16 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 5.35E-17 6.88E-18 -4.05E-17 
Other processes 
 
Landfill 
Transport to 
Store 
Processing of 
AC and CO2 
Abiotic Depletion [kg Sb-Equiv.] 6.77E-20 0.00E+00 1.73E-17 
Acidification Potential [kg SO2-Equiv.] 1.77E-18 0.00E+00 3.90E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 4.62E-19 0.00E+00 3.17E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 1.61E-19 0.00E+00 2.03E-17 
Global Warming Potential [kg CO2-Equiv.] 2.19E-18 3.69E-22 6.62E-16 
Human Toxicity Potential [kg DCB- Equiv.] 1.35E-18 0.00E+00 6.36E-16 
Ozone Layer Depletion Potential [kg R11-Equiv.] 1.19E-23 0.00E+00 4.45E-20 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 1.39E-18 0.00E+00 1.56E-16 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 8.20E-19 0.00E+00 1.53E-17 
Table A.9.4 LCIA of the single processes of the Scenario 3. 
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SCENARIO OUTER AND INNER CAN IN ALUMINIUM 
Activated Carbon 
 Production 
of AC 
AC 
Regeneration 
AC 
Regenerated 
Abiotic Depletion [kg Sb-Equiv.] 2.59E-17 -7.76E-18 9.13E-18 
Acidification Potential [kg SO2-Equiv.] 2.72E-15 -1.95E-16 2.29E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 3.54E-16 -1.60E-17 1.88E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 1.42E-15 -9.54E-18 1.12E-17 
Global Warming Potential [kg CO2-Equiv.] 1.40E-15 -2.21E-16 2.60E-16 
Human Toxicity Potential [kg DCB- Equiv.] 7.67E-15 -2.21E-16 2.61E-16 
Ozone Layer Depletion Potential [kg R11-Equiv.] 5.54E-21 -3.04E-20 3.58E-20 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 1.03E-15 -7.39E-17 8.70E-17 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 7.38E-16 -1.12E-17 1.32E-17 
Aluminium 
 Virgin 
Aluminium 
Secondary 
Aluminium 
Aluminium 
Reprocessing 
Abiotic Depletion [kg Sb-Equiv.] 9.70E-18 4.88E-17 -3.40E-17 
Acidification Potential [kg SO2-Equiv.] 1.19E-16 5.48E-17 -9.91E-17 
Eutrophication Potential [kg Phosphate-Equiv.] 1.57E-17 6.89E-18 -1.29E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 5.33E-18 2.66E-18 -4.57E-18 
Global Warming Potential [kg CO2-Equiv.] 2.16E-16 1.79E-16 -2.26E-16 
Human Toxicity Potential [kg DCB- Equiv.] 1.24E-16 5.70E-17 -1.03E-16 
Ozone Layer Depletion Potential [kg R11-Equiv.] 1.37E-18 4.50E-19 -1.04E-18 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 8.05E-17 3.70E-17 -6.72E-17 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 7.79E-18 3.81E-18 -2.04E-18 
Steel 
 
Virgin Steel 
Secondary 
Steel 
Steel 
Reprocessing 
Abiotic Depletion [kg Sb-Equiv.] - - - 
Acidification Potential [kg SO2-Equiv.] - - - 
Eutrophication Potential [kg Phosphate-Equiv.] - - - 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] - - - 
Global Warming Potential [kg CO2-Equiv.] - - - 
Human Toxicity Potential [kg DCB- Equiv.] - - - 
Ozone Layer Depletion Potential [kg R11-Equiv.] - - - 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] - - - 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] - - - 
Other processes 
 
Landfill 
Transport to 
Store 
Processing of 
AC and CO2 
Abiotic Depletion [kg Sb-Equiv.] 3.44E-19 0.00E+00 1.73E-17 
Acidification Potential [kg SO2-Equiv.] 8.99E-18 0.00E+00 3.90E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 2.35E-18 0.00E+00 3.17E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 8.16E-19 0.00E+00 2.03E-17 
Global Warming Potential [kg CO2-Equiv.] 1.12E-17 3.29E-22 6.62E-16 
Human Toxicity Potential [kg DCB- Equiv.] 6.91E-18 0.00E+00 6.36E-16 
Ozone Layer Depletion Potential [kg R11-Equiv.] 6.04E-23 0.00E+00 4.45E-20 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 7.10E-18 0.00E+00 1.56E-16 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 4.17E-18 0.00E+00 1.53E-17 
Table A.9.5 LCIA of the single processes of the Scenario Outer and Inner can in Aluminium. 
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APPENDIX 10: LCIA OF ALUMINIUM AND TINPLATE STEEL CAN 
REFRIGERATED IN OPEN FRONT COOLER AND SINGLE DOOR 
COOLER IN DIFFERENT COUNTRIES 
NEW ZEALAND 
New Zealand 
Tinplate Steel CAN Aluminium CAN 
Open Front 
Cooler 
Single Door 
Cooler 
Open Front 
Cooler 
Single Door 
Cooler 
ADP, [kg Sb-Equiv.] 3.11E-17 6.06E-19 3.91E-17 8.57E-18 
AP, [kg SO2- Equiv.] 8.94E-16 1.79E-16 7.72E-16 5.53E-17 
EP, [kg Phosphate-Equiv.] 6.66E-17 1.85E-17 5.33E-17 5.26E-18 
FAETP, [kg DCB-Equiv.] 1.39E-17 1.05E-17 4.63E-18 1.24E-18 
GWP, [kg CO2-Equiv.] 7.59E-16 3.52E-16 4.76E-16 6.93E-17 
HTP, [kg DCB- Equiv.] 6.87E-16 4.49E-16 2.73E-16 3.45E-17 
ODP, [kg R11-Equiv.] 1.30E-18 1.30E-18 2.35E-19 2.34E-19 
POCP, [kg Ethene-Equiv.] 2.60E-16 1.44E-16 1.37E-16 2.08E-17 
TETP, [kg DCB- Equiv.] 2.55E-17 1.74E-17 1.04E-17 2.19E-18 
Table A.10.1 LCIA of a conventional tinplate and aluminium can refrigerated in New Zealand in an 
OFC (a) and SDC (b). 
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Figure A.10.1 LCIA of a conventional tinplate can refrigerated in New Zealand in an OFC (a) and 
SDC (b). 
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Figure A.10.2 LCIA of a conventional aluminium can refrigerated in New Zealand in an OFC (a) 
and SDC (b). 
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INDONESIA 
Indonesia 
Tinplate Steel CAN Aluminium CAN 
Open Front 
Cooler 
Single Door 
Cooler 
Open Front 
Cooler 
Single Door 
Cooler 
ADP, [kg Sb-Equiv.] 1.56E-17 -6.90E-20 2.35E-17 7.90E-18 
AP, [kg SO2- Equiv.] 7.68E-15 3.61E-16 4.96E-15 2.38E-16 
EP, [kg Phosphate-Equiv.] 4.77E-16 3.63E-17 4.67E-16 2.31E-17 
FAETP, [kg DCB-Equiv.] 1.40E-16 1.60E-17 1.30E-16 6.71E-18 
GWP, [kg CO2-Equiv.] 3.49E-15 4.71E-16 3.21E-15 1.88E-16 
HTP, [kg DCB- Equiv.] 1.82E-14 1.21E-15 1.78E-14 7.95E-16 
ODP, [kg R11-Equiv.] 1.31E-18 1.30E-18 2.47E-19 2.35E-19 
POCP, [kg Ethene-Equiv.] 1.73E-15 2.08E-16 1.61E-15 8.48E-17 
TETP, [kg DCB- Equiv.] 3.16E-16 3.00E-17 3.01E-16 1.48E-17 
Table A.10.2 LCIA of a conventional tinplate and aluminium can refrigerated in Indonesia in an 
OFC (a) and SDC (b). 
 
Figure A.10.3 LCIA of a conventional tinplate can refrigerated in Indonesia in an OFC (a) and SDC 
(b). 
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Figure A.10.4 LCIA of a conventional aluminium can refrigerated in Indonesia in an OFC (a) and 
SDC (b). 
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UNITED STATES 
United States 
Tinplate Steel CAN Aluminium CAN 
Open Front 
Cooler 
Single Door 
Cooler 
Open Front 
Cooler 
Single Door 
Cooler 
ADP, [kg Sb-Equiv.] 3.94E-17 9.64E-19 4.74E-17 8.93E-18 
AP, [kg SO2- Equiv.] 1.05E-15 1.85E-16 9.27E-16 6.22E-17 
EP, [kg Phosphate-Equiv.] 8.96E-17 1.95E-17 7.63E-17 6.27E-18 
FAETP, [kg DCB-Equiv.] 5.73E-17 1.24E-17 4.80E-17 3.13E-18 
GWP, [kg CO2-Equiv.] 1.87E-15 4.00E-16 1.59E-15 1.17E-16 
HTP, [kg DCB- Equiv.] 1.91E-15 5.02E-16 1.49E-15 8.76E-17 
ODP, [kg R11-Equiv.] 1.40E-18 1.31E-18 3.38E-19 2.39E-19 
POCP, [kg Ethene-Equiv.] 5.00E-16 1.54E-16 3.77E-16 3.13E-17 
TETP, [kg DCB- Equiv.] 5.24E-17 1.85E-17 3.72E-17 3.35E-18 
Table A.10.3 LCIA of a conventional tinplate and aluminium can refrigerated in USA in an OFC (a) 
and SDC (b). 
 
Figure A.10.5 LCIA of a conventional tinplate can refrigerated in USA in an OFC (a) and SDC (b). 
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Figure A.10.6 LCIA of a conventional aluminium can refrigerated in USA in an OFC (a) and SDC 
(b). 
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APPENDIX 11: SENSITIVITY ANALYSIS FOR THE AC PRODUCTION: 
LCIA OF DIFFERENT SCENARIOS  
SCENARIO 1 AC 
 
Energy for 
crusher & 
tumbling IN 
HRSG 
emissions 
Water 
purification 
Avoided 
electricity 
produced 
from coconut 
shell 
Overseas 
transport 
Abiotic Depletion  
[kg Sb-Equiv.] 
1.03E-13 0.00E+00 2.83E-13 -2.48E-13 5.98E-15 
Acidification Potential  
[kg SO2-Equiv.] 
3.11E-11 3.82E-12 7.23E-14 1.45E-10 6.19E-12 
Eutrophication Potential  
[kg Phosphate-Equiv.] 
2.90E-12 1.50E-12 1.79E-14 -4.40E-12 9.48E-13 
Freshwater Aquatic 
Ecotoxity Potential  
[kg DCB-Equiv.] 
8.15E-13 2.06E-11 9.01E-15 1.64E-12 1.02E-13 
Global Warming Potential 
[kg CO2-Equiv.] 
1.99E-11 0.00E+00 1.45E-13 1.34E-10 1.17E-12 
Human Toxicity Potential  
[kg DCB- Equiv.] 
1.12E-10 3.33E-12 9.08E-14 6.04E-10 9.27E-13 
Ozone Layer Depletion 
Potential  
[kg R11-Equiv.] 
7.81E-17 0.00E+00 5.20E-18 4.34E-16 7.59E-19 
Photochem. Ozone 
Creation Potential  
[kg Ethene-Equiv.] 
1.00E-11 3.18E-12 3.84E-14 -2.58E-11 2.39E-12 
Terrestric Ecotoxicity 
Potential  
[kg DCB- Equiv.] 
1.88E-12 9.24E-12 1.05E-14 -1.03E-11 6.50E-15 
Table A.11.1 LCIA of Scenario 1 for activated carbon production. 
  
Appendices 
167 
SCENARIO 2 AC 
 
Energy for 
crusher & 
tumbling 
IN 
Thermal 
Energy for 
Drier 
HRSG 
emissions 
Water 
purification 
Overseas 
transport 
Abiotic Depletion  
[kg Sb-Equiv.] 
1.03E-13 1.45E-15 0.00E+00 2.83E-13 5.98E-15 
Acidification Potential  
[kg SO2-Equiv.] 
3.11E-11 4.96E-12 2.36E-12 7.23E-14 6.19E-12 
Eutrophication Potential  
[kg Phosphate-Equiv.] 
2.90E-12 4.78E-13 9.29E-13 1.79E-14 9.48E-13 
Freshwater Aquatic Ecotoxity 
Potential  
[kg DCB-Equiv.] 
8.15E-13 1.19E-13 4.14E-09 9.01E-15 1.02E-13 
Global Warming Potential  
[kg CO2-Equiv.] 
1.99E-11 3.28E-12 0.00E+00 1.45E-13 1.17E-12 
Human Toxicity Potential 
[kg DCB- Equiv.] 
1.12E-10 2.06E-11 4.93E-10 9.08E-14 9.27E-13 
Ozone Layer Depletion 
Potential [kg R11-Equiv.] 
7.81E-17 5.35E-19 0.00E+00 5.20E-18 7.59E-19 
Photochem. Ozone Creation 
Potential  
[kg Ethene-Equiv.] 
1.00E-11 1.58E-12 1.97E-12 3.84E-14 2.39E-12 
Terrestric Ecotoxicity Potential 
[kg DCB- Equiv.] 
1.88E-12 3.23E-13 1.87E-09 1.05E-14 6.50E-15 
Table A.11.2 LCIA of Scenario 2 for activated carbon production. 
SCENARIO 3 AC 
 
Energy 
for 
crusher & 
tumbling 
NZ 
HRSG 
emissions 
Water 
purification 
Overseas 
transport 
Abiotic Depletion [kg Sb-Equiv.] 2.01E-13 0.00E+00 2.83E-13 2.76E-14 
Acidification Potential [kg SO2-Equiv.] 4.70E-12 3.82E-12 7.23E-14 2.87E-11 
Eutrophication Potential [kg Phosphate-Equiv.] 3.17E-13 1.50E-12 1.79E-14 4.38E-12 
Freshwater Aquatic Ecotoxity Potential  
[kg DCB-Equiv.] 
2.23E-14 2.06E-11 9.01E-15 4.70E-13 
Global Warming Potential [kg CO2-Equiv.] 2.68E-12 0.00E+00 1.45E-13 5.40E-12 
Human Toxicity Potential [kg DCB- Equiv.] 1.57E-12 3.33E-12 9.08E-14 4.29E-12 
Ozone Layer Depletion Potential [kg R11-Equiv.] 2.74E-18 0.00E+00 5.20E-18 3.52E-18 
Photochem. Ozone Creation Potential  
[kg Ethene-Equiv.] 
7.65E-13 3.18E-12 3.84E-14 1.11E-11 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 5.39E-14 9.24E-12 1.05E-14 3.01E-14 
Table A.11.3 LCIA of Scenario 3 for activated carbon production. 
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SCENARIO 4 AC 
 
Energy 
for 
crusher & 
tumbling 
IN 
HRSG 
emissions 
Water 
purification 
Overseas 
transport 
Abiotic Depletion [kg Sb-Equiv.] 1.33E-13 0.00E+00 2.83E-13 5.98E-15 
Acidification Potential [kg SO2-Equiv.] 1.35E-11 3.82E-12 7.23E-14 6.19E-12 
Eutrophication Potential [kg Phosphate-Equiv.] 3.44E-12 1.50E-12 1.79E-14 9.48E-13 
Freshwater Aquatic Ecotoxity Potential [kg DCB-
Equiv.] 
6.16E-13 2.06E-11 9.01E-15 1.02E-13 
Global Warming Potential [kg CO2-Equiv.] 3.58E-12 0.00E+00 1.45E-13 1.17E-12 
Human Toxicity Potential [kg DCB- Equiv.] 3.85E-11 3.33E-12 9.08E-14 9.27E-13 
Ozone Layer Depletion Potential [kg R11-Equiv.] 2.50E-17 0.00E+00 5.20E-18 7.59E-19 
Photochem. Ozone Creation Potential [kg Ethene-
Equiv.] 
1.32E-11 3.18E-12 3.84E-14 2.39E-12 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 3.14E-12 9.24E-12 1.05E-14 6.50E-15 
Table A.11.4 LCIA of Scenario 4 for activated carbon production. 
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APPENDIX 12: DIFFERENT COMPACTIONS EXPERIMENTS 
THERMAL CONDUCTIVITY EXPERIMENTS 
 
Figure A.12.1 Internal and Central curves for the thermal conductivity calculation of AGT 702b at 
different compactions. 
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APPENDIX 13: DIFFERENT COMPOSITIONS EXPERIMENTS 
THERMAL CONDUCTIVITY EXPERIMENTS 
 
Figure A.13.1 Internal and Central curves of AGT 702b with aluminium for the thermal 
conductivity calculation. 
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Figure A.13.2 Internal and Central curves of AGT 702b with copper for the thermal conductivity 
calculation. 
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ADSORPTION EXPERIMENTS  
 
Figure A.13.3 CO2 Adsorption at 6 bar and under adiabatic conditions on AGT 702b with 
aluminium. 
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Figure A.13.4 CO2 Adsorption at 6 bar and under adiabatic conditions on AGT 702b with copper. 
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LCA, AC+8 %AL IN HEU 
Activated Carbon 
 Production 
of AC 
AC 
Regeneration 
AC 
Regenerated 
Abiotic Depletion [kg Sb-Equiv.] 2.38E-17 -7.18E-18 8.42E-18 
Acidification Potential [kg SO2-Equiv.] 2.51E-15 -1.80E-16 2.11E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 3.27E-16 -1.48E-17 1.74E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 1.31E-15 -8.82E-18 1.03E-17 
Global Warming Potential [kg CO2-Equiv.] 1.29E-15 -2.05E-16 2.40E-16 
Human Toxicity Potential [kg DCB- Equiv.] 7.06E-15 -2.05E-16 2.40E-16 
Ozone Layer Depletion Potential [kg R11-Equiv.] 5.10E-21 -2.81E-20 3.30E-20 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 9.52E-16 -6.84E-17 8.02E-17 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 6.80E-16 -1.04E-17 1.22E-17 
Aluminium 
 Virgin 
Aluminium 
Secondary 
Aluminium 
Aluminium 
Reprocessing 
Abiotic Depletion [kg Sb-Equiv.] 7.73E-18 3.89E-17 -1.90E-17 
Acidification Potential [kg SO2-Equiv.] 9.45E-17 4.34E-17 -5.52E-17 
Eutrophication Potential [kg Phosphate-Equiv.] 1.26E-17 5.44E-18 -7.20E-18 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 4.25E-18 2.11E-18 -2.54E-18 
Global Warming Potential [kg CO2-Equiv.] 1.72E-16 1.42E-16 -1.26E-16 
Human Toxicity Potential [kg DCB- Equiv.] 9.89E-17 4.52E-17 -5.77E-17 
Ozone Layer Depletion Potential [kg R11-Equiv.] 1.09E-18 3.57E-19 -5.79E-19 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 6.42E-17 2.94E-17 -3.74E-17 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 6.21E-18 3.02E-18 -3.69E-18 
Steel 
 
Virgin Steel 
Secondary 
Steel 
Steel 
Reprocessing 
Abiotic Depletion [kg Sb-Equiv.] -7.70E-18 5.16E-18 1.52E-18 
Acidification Potential [kg SO2-Equiv.] 4.72E-16 6.31E-17 -3.59E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 5.12E-17 7.90E-18 -3.97E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 3.44E-17 3.56E-18 -2.54E-17 
Global Warming Potential [kg CO2-Equiv.] 1.11E-15 1.17E-16 -8.20E-16 
Human Toxicity Potential [kg DCB- Equiv.] 1.52E-15 8.70E-17 -1.07E-15 
Ozone Layer Depletion Potential [kg R11-Equiv.] 4.76E-18 1.25E-21 -3.17E-18 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 4.66E-16 4.14E-17 -3.39E-16 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 5.35E-17 6.88E-18 -4.05E-17 
Other processes 
 
Landfill 
Transport to 
Store 
Processing of 
AC and CO2 
Abiotic Depletion [kg Sb-Equiv.] 6.77E-20 0.00E+00 1.73E-17 
Acidification Potential [kg SO2-Equiv.] 1.77E-18 0.00E+00 3.90E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 4.62E-19 0.00E+00 3.17E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 1.61E-19 0.00E+00 2.03E-17 
Global Warming Potential [kg CO2-Equiv.] 2.19E-18 3.69E-22 6.62E-16 
Human Toxicity Potential [kg DCB- Equiv.] 1.35E-18 0.00E+00 6.36E-16 
Ozone Layer Depletion Potential [kg R11-Equiv.] 1.19E-23 0.00E+00 4.45E-20 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 1.39E-18 0.00E+00 1.56E-16 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 8.20E-19 0.00E+00 1.53E-17 
Table A.13.1 LCIA of the single processes of the Scenario AC+8 %Al in HEU. 
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LCA, AC+8 %AL IN HEU AND BEST HEU RECOVERY 
Activated Carbon 
 Production 
of AC 
AC 
Regeneration 
AC 
Regenerated 
Abiotic Depletion [kg Sb-Equiv.] 7.93E-18 0.00E+00 0.00E+00 
Acidification Potential [kg SO2-Equiv.] 8.36E-16 0.00E+00 0.00E+00 
Eutrophication Potential [kg Phosphate-Equiv.] 1.09E-16 0.00E+00 0.00E+00 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 4.36E-16 0.00E+00 0.00E+00 
Global Warming Potential [kg CO2-Equiv.] 4.30E-16 0.00E+00 0.00E+00 
Human Toxicity Potential [kg DCB- Equiv.] 2.35E-15 0.00E+00 0.00E+00 
Ozone Layer Depletion Potential [kg R11-Equiv.] 1.70E-21 0.00E+00 0.00E+00 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 3.18E-16 0.00E+00 0.00E+00 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 2.26E-16 0.00E+00 0.00E+00 
Aluminium 
 Virgin 
Aluminium 
Secondary 
Aluminium 
Aluminium 
Reprocessing 
Abiotic Depletion [kg Sb-Equiv.] 1.52E-18 7.60E-18 0.00E+00 
Acidification Potential [kg SO2-Equiv.] 1.85E-17 8.49E-18 0.00E+00 
Eutrophication Potential [kg Phosphate-Equiv.] 2.46E-18 1.07E-18 0.00E+00 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 8.33E-19 4.12E-19 0.00E+00 
Global Warming Potential [kg CO2-Equiv.] 3.37E-17 2.77E-17 0.00E+00 
Human Toxicity Potential [kg DCB- Equiv.] 1.94E-17 8.85E-18 0.00E+00 
Ozone Layer Depletion Potential [kg R11-Equiv.] 2.14E-19 7.01E-20 0.00E+00 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 1.26E-17 5.77E-18 0.00E+00 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 1.22E-18 5.91E-19 0.00E+00 
Steel 
 
Virgin Steel 
Secondary 
Steel 
Steel 
Reprocessing 
Abiotic Depletion [kg Sb-Equiv.] -7.70E-18 5.16E-18 1.52E-18 
Acidification Potential [kg SO2-Equiv.] 4.72E-16 6.31E-17 -3.59E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 5.12E-17 7.90E-18 -3.97E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 3.44E-17 3.56E-18 -2.54E-17 
Global Warming Potential [kg CO2-Equiv.] 1.11E-15 1.17E-16 -8.20E-16 
Human Toxicity Potential [kg DCB- Equiv.] 1.52E-15 8.70E-17 -1.07E-15 
Ozone Layer Depletion Potential [kg R11-Equiv.] 4.76E-18 1.25E-21 -3.17E-18 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 4.66E-16 4.14E-17 -3.39E-16 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 5.35E-17 6.88E-18 -4.05E-17 
Other processes 
 
Landfill 
Transport to 
Store 
Processing of 
AC and CO2 
Abiotic Depletion [kg Sb-Equiv.] 6.77E-20 0.00E+00 1.73E-17 
Acidification Potential [kg SO2-Equiv.] 1.77E-18 0.00E+00 3.90E-16 
Eutrophication Potential [kg Phosphate-Equiv.] 4.62E-19 0.00E+00 3.17E-17 
Freshwater Aquatic Ecotoxity Potential [kg DCB-Equiv.] 1.61E-19 0.00E+00 2.03E-17 
Global Warming Potential [kg CO2-Equiv.] 2.19E-18 3.69E-22 6.62E-16 
Human Toxicity Potential [kg DCB- Equiv.] 1.35E-18 0.00E+00 6.36E-16 
Ozone Layer Depletion Potential [kg R11-Equiv.] 1.19E-23 0.00E+00 4.45E-20 
Photochem. Ozone Creation Potential [kg Ethene-Equiv.] 1.39E-18 0.00E+00 1.56E-16 
Terrestric Ecotoxicity Potential [kg DCB- Equiv.] 8.20E-19 0.00E+00 1.53E-17 
Table A.13.2 LCIA of the single processes of the Scenario AC+8 %Al in HEU+ Best HEU recovery. 
 
